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P r e f a c e  
The Eco logy  P r o j e c t  commenced work i n  1973 w i t h  t h e  i n i t i a l  
and c o n t i n u i n g  g o a l  o f  d e v e l o p i n g  a  c o h e r e n t  s c i e n c e  o f  e c o l o g i c a l  
management. The p r o d u c t s  o f  o u r  r e s e a r c h  c a n  b e  d i v i d e d  i n t o  
t h r e e  g r o u p s :  c o n c e p t u a l ,  a p p l i e d ,  and c a s e  s t u d i e s .  To g i v e  
t h e  p r o j e c t  f o c u s ,  we c h o s e  t o  a n a l y z e  i n  d e t a i l  s p e c i f i c  r e g i o n a l  
c a s e  s t u d i e s .  Each o f  t h e s e  examples  h a s  a l l  t h e  i n g r e d i e n t s  o f  
a  l a r g e  c l a s s  o f  p rob lems  t h a t  t o g e t h e r  c o m p r i s e  t h e  g l o b a l  p rob-  
l e m s  o f  r e s o u r c e  management f o r  f o o d ,  f i b e r ,  e n e r g y ,  and c u l t u r a l  
n e e d s  o f  s o c i e t i e s .  
The f o l l o w i n g  r e p o r t  p r o v i d e s  a n  o v e r v i e w  o f  t h e  work o f  
t h i s  p r o j e c t  t h r o u g h  J u l y ,  7975,  and  a  summary o f  o u r  c u r r e n t  
t h i n k i n g  on f u t u r e  d i r e c t i o n s  and  f o r m a t s  o f  e c o l o g i c a l  and 
e n v i r o n m e n t a l  r e s e a r c h  a t  I I A S A .  The m a j o r  c o n t e n t  o f  t h e  
r e p o r t  i s  c o m p r i s e d  o f  a  d e s c r i p t i o n  o f  t h e  c a s e  s t u d i e s  which 
h a v e  formed t h e  c o r e  o f  t h e  p a s t  two y e a r s '  e f f o r t s .  
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I.  INTRODUCTION AND OVERVIEW 
C.S. H o l l i n g  and C. W a l t e r s  
1 .  What We I n t e n d e d  
The Ecology P r o j e c t  has  been o p e r a t i o n a l  a t  IIASA 
s i n c e  1973. The p r o j e c t ' s  i n i t i a l  g o a l  has  been t o  d e t e r m i n e  
how f a r  we c o u l d  g o  i n  d e v e l o p i n g  a  c o h e r e n t  s c i e n c e  o f  eco log-  
i c a l  management--i .e. ,  c o n c e p t s ,  methodology,  and c a s e  s t u d i e s .  
T h i s  g o a l  r e q u i r e s  t h e  b l e n d i n g  of t h e  t e c h n i q u e s  and c o n c e p t s  
o f  e c o l o g y ,  m o d e l l i n g ,  m a t h e m a t i c a l  a n a l y s i s ,  o p t i m i z a t i o n ,  and 
d e c i s i o n  t h e o r y .  To g i v e  t h e  p r o j e c t  f o c u s ,  we c h o s e  t o  a n a l y z e  
i n  d e t a i l  s p e c i f i c  r e g i o n a l  c a s e  s t u d i e s ,  c h o o s i n g  problems t h a t  
had a  u n i v e r s a l  c h a r a c t e r ,  a d e q u a t e  b u t  i n c o m p l e t e  d a t a ,  o u t s i d e  
c o l l a b o r a t o r s ,  a  t r o u b l e d  management h i s t o r y ,  and t h a t  i n t e r -  
s e c t e d  t h e  i n t e r e s t s  of o t h e r  IIASA s c i e n t i s t s .  
S i n c e  IIASA was i n  i t s  i n i t i a l  s t a g e  i n  1973, we b e l i e v e d  
t h e  f i r s t  p r i o r i t y  should  be t o  p u t  something i n  i t s  p l a c e  a s  
q u i c k l y  a s  p o s s i b l e .  Once t h i s  had been comple ted ,  we hoped 
t h a t  t h i s  would p r o v i d e  a  b a s e  on which t o  move o n t o  l a r g e r ,  
more g l o b a l  i s s u e s ,  and t o  t a c k l e ,  more d i r e c t l y ,  i s s u e s  o f  m u l t i -  
n a t i o n a l  c o o p e r a t i o n .  I t  i s  t h e s e  p o s s i b i l i t i e s  t h a t  make IIASA 
a  u n i q u e  i n t e r n a t i o n a l  exper iment .  We a r e  a t  t h a t  p o i n t  now. 
2 .  What We Did 
Such a n  approach  c o u l d  e a s i l y  become an  i r r e l e v a n t  b u t  
p l e a s a n t  e x e r c i s e  i n  methodology, o n l y  a p p r o p r i a t e  ( i f  a t  a l l )  
t o  s p e c i f i c  c a s e s .  Al though t h e  c a s e  s t u d i e s  had l a b e l s  a s ,  
f o r  example,  f o r e s t / s p r u c e  budworm management, P a c i f i c  salmon 
and w a t e r  management, and human impac t  on h i g h  mountain  r e g i o n s ,  
t h e y  were n o t  chosen  because  of t h e i r  o b v i o u s  and t r a n s c e n d e n t  
g l o b a l  s i g n i f i c a n c e .  Do many p e o p l e ,  a f t e r  a l l ,  c a r e  a b o u t  
f o r e s t s  and budworm, o r  salmon, o r  a l p i n e  r e g i o n s ?  The p o i n t  i s  
t h a t  e a c h  of  t h e  s p e c i f i c  examples h a s  a l l  t h e  i n g r e d i e n t s  of a  
l a r g e  c l a s s  of problems t h a t  t o g e t h e r  compr i se  t h e  g l o b a l  prob- 
lems of r e s o u r c e  management f o r  f o o d ,  f i b e r ,  and c u l t u r a l  needs 
o f  s o c i e t i e s .  
Hence t h e  " p r o d u c t s "  o f  o u r  r e s e a r c h  c a n  be d i v i d e d  i n t o  
t h r e e  g r o u p s :  
1. Concep tua l  
G e n e r a l  t h e o r e t i c a l  and compara t ive  a n a l y s e s  o f  t h e s e  r e -  
s o u r c e  management sys tems  t o :  a )  i d e n t i f y  t h e i r  p r o p e r t i e s  o f  
s t a b i l i t y  and r e s i l i e n c e ;  and b )  t o  d e s i g n  p o l i c i e s  t h a t  a r e  
" r o b u s t , "  t h a t  i s ,  less s e n s i t i v e  t o  t h e  unexpec ted  and t h e  un- 
known ; 
2. Appl ied  
-- 
Methodology f o r :  a )  d e s c r i p t i v e  and p r e s c r i p t i v e  a n a l y s e s  
o f  r e n e w a b l e  r e s o u r c e  p rob lems ;  b )  g u i d e  books f o r  e n v i r o n m e n t a l  
impac t  a s s e s s m e n t ;  c )  p o l i c y  d e s i g n  and e v a l u a t i o n ;  and d )  d e -  
s c r i p t i v e  m o d e l l i n g ;  and 
3. Case  S t u d i e s  
D e t a i l e d  p r e s e n t a t i o n  o f  t h e  r e s u l t s  o f  e a c h  o f  t h e  c a s e  
s t u d i e s  i n  a  form t h a t  c a n  l e a d  t o  i m p l e m e n t a t i o n  ( t h e  a c i d  t e s t ) .  
3. P r e s e n t  S t a t u s  o f  Case  S t u d i e s  
A  Case  S t u d y  o f  F o r e s t  E c o s y s t e m s / P e s t  Management 
(W.C.  C l a r k ,  C.S. H o l l i n g ,  D . D .  J o n e s ,  R a s h i d )  
The f i r s t  c a s e  s t u d y  ( t h a t  began i n  September  1973)  c o n c e r n s  
a  p rob lem o f  e c o s y s t e m / p e s t  management i n  t h e  sof twood f o r e s t s  
o f  E a s t e r n  Nor th  America .  I t  was c h o s e n  b e c a u s e  it r e p r e s e n t e d  
a  c l a s s i c  example  o f  a  l a r g e  c l a s s  o f  p e s t  p rob lems ;  good d a t a  
were  a v a i l a b l e ;  it i n t e r s e c t e d  t h e  i n t e r e s t s  o f  o t h e r  IIASA 
~ r o j e c t s  and s c i e n t i s t s ;  and managers  c o n c e r n e d  w i t h  t h e  p rob lem 
were  e a g e r  t o  c o o p e r a t e .  I t  t h u s  p r o v i d e d  a n  e f f e c t i v e  v e h i c l e  
w i t h  two o b j e c t i v e s :  a )  t o  a p p l y  e c o l o g i c a l  m o d e l l i n g ,  o p t i m i z a -  
t i o n ,  p o l i c y  d e s i g n  and e v a l u a t i o n ,  and d e c i s i o n  t h e o r y  t e c h n i -  
q u e s  t o  a  s i g n i f i c a n t  e c o l o g y  problem; and b )  t o  e x p l o r e  t h e  
v a l u e  o f  IIASA f o r  c r o s s - p r o j e c t  and c r o s s - i n s t i t u t i o n a l  c o l l a b -  
o r a t i o n .  
An e x t e n s i v e  monograph o n  t h e  a n a l y s i s  s t a g e  w i l l  b e  com- 
p l e t e d  by October  1975,  c o - a u t h o r e d  by s c i e n t i s t s  f rom IIASA, 
f rom t h e  I n s t i t u t e  o f  R e s o u r c e  Eco logy ,  U n i v e r s i t y  o f  B r i t i s h  
Columbia ,  and f rom t h e  M a r i t i m e s  F o r e s t  R e s e a r c h  C e n t r e ,  
Depar tment  o f  t h e  Environment  (Environment  Canada) .  C o o p e r a t i o n  
among t h e s e  t h r e e  i n s t i t u t i o n s  h a s  p e r s i s t e d  e v e n  though  mos t  
o f  t h e  members o f  t h e  o r i g i n a l  IIASA p r o j e c t  g r o u p s  have  r e t u r n e d  
t o  t h e i r  home i n s t i t u t i o n s - - i . e . ,  U n i v e r s i t y  o f  B r i t i s h  Columbia ,  
Harvard U n i v e r s i t y ,  and S t a n f o r d  U n i v e r s i t y .  T h i s  e x p e r i m e n t  
p o i n t s  t o  a  m a j o r  v a l u e  o f  IIASA--namely, t h e  c a t a l y z i n g  o f  a  
c r o s s - p r o j e c t  s t u d y  w i t h i n  IIASA, f o l l o w e d  by c o n t i n u i n g  work ing  
c o l l a b o r a t i o n  among a  network o f  IIASA a l u m n i .  The post-IIASA 
program o f  t h e  fo res t /budworm s t u d y  is  a l m o s t  t o t a l l y  funded by 
a g e n c i e s  o t h e r  t h a n  IIASA. 
At p r e s e n t ,  p l a n s  a r e  b e i n g  p r e p a r e d  f o r  i m p l e m e n t a t i o n  
o f  t h e  s t u d y  i n  New Brunswick,  w i t h  t h e  f o r m a l  agreement  o f  
o f f i c i a l s  o f  Environment  Canada f rom t h e  Deputy M i n i s t e r  t o  
r e g i o n a l  a u t h o r i t i e s  i n  New Brunswick.  
Salmon/Watershed Management Case  S tudy  (S.  Buckingham, 
R. H i l b o r n ,  C. W a l t e r s ,  M. G a t t o ,  S .  R i n a l d i ,  F.E.A. Wood) 
The f i r s t  p h a s e  o f  a n a l y s i s  was i n i t i a t e d  a t  IIASA i n  
September  1974,  and w i l l  b e  comple ted  by December 1975,  w i t h  
i m p l e m e n t a t i o n  e n v i s a g e d  two t o  t h r e e  y e a r s  t h e r e a f t e r .  T h i s  
sa lmon s t u d y  i s  more complex t h a n  t h e  budworm s t u d y  f o r  two 
r e a s o n s .  F i r s t ,  t h e r e  a r e  a  l a r g e r  set o f  s o c i e t a l  e f f e c t s - -  
i . e . ,  power,  r e g i o n a l  deve lopment ,  r e c r e a t i o n  and f i s h e r i e s .  
Second,  t h e r e  i s  a major  i n t e r n a t i o n a l  component,  s i n c e  P a c i f i c  
sa lmon are j o i n t l y  h a r v e s t e d  by Canada, J a p a n ,  USSR, and USA. 
The f i r s t  p h a s e  o f  t h e  salmon s t u d y  h a s  c o n c e n t r a t e d  o n l y  on 
p rob lems  o f  r e g i o n a l  management. Some o f  t h e  e f f o r t s  were  s i m i -  
lar  t o  t h o s e  expanded f o r  t h e  budworm s tudy- -e .g . ,  t h e  e c o l o g i c a l  
m o d e l l i n g ,  a n a l y s i s ,  and o p t i m i z a t i o n .  S i g n i f i c a n t l y  d i f f e r e n t  
s t e p s  were  t a k e n  i n  e x p l o r i n g  ways o f  d e a l i n g  w i t h  u n c e r t a i n  
i n f o r m a t i o n ,  w i t h  h i e r a r c h i c a l  management i s s u e s  on t h e  l o c a l ,  
r e g i o n a l ,  p r o v i n c i a l ,  and n a t i o n a l  l e v e l s ,  and w i t h  a d a p t i v e  
management. Through workshops,  e f f e c t i v e  c o o p e r a t i o n  h a s  d e v e l -  
oped w i t h  Canad ian  F e d e r a l  f i s h e r i e s  s c i e n t i s t s  a n d ,  more r e c e n t -  
l y ,  w i t h  S o v i e t  f i s h e r i e s  s p e c i a l i s t s .  
R i n a l d i  and G a t t o  a r e  d e v e l o p i n g  a  r e l a t e d  s t u d y  s t a r t i n g  
f rom t h e  sa lmon s t u d y  t h a t  w i l l  show how t h i s  a p p r o a c h  c a n  be  
a p p l i e d  t o  more complex f i s h e r i e s ;  a s  a  t e s t  c a s e ,  t h e y  a r e  
u s i n g  a m u l t i - s p e c i e s ,  m u l t i - f l e e t  f i s h e r y  on t h e  Gulf o f  
Venezue la .  
R e g i o n a l  E n e r g y / ~ n v i r o n m e n t  S t u d y  ( W .  F o e l l ,  R. Dennis ,  
K .  I t o ,  and members o f  o t h e r  IIASA p r o j e c t s )  
T h i s  c a s e  s t u d y  began i n  J a n u a r y  1975. I t  was i n i t i a t e d  
j o i n t l y  by t h e  Energy and t h e  Ecology P r o j e c t s  i n  o r d e r  t o  ex- 
p l o r e  t h e  e c o l o g i c a l ,  e n v i r o n m e n t a l ,  and l a n d  u s e  consequences  
o f  d i f f e r e n t  e n e r g y  deve lopments  and p o l i c i e s .  The s t u d y  i s  
c o n c e n t r a t i n g  on t h r e e  r e g i o n s - - i n  Wiscons in  (USA), F r a n c e ,  and t h e  
German Democra t i c  R e p u b l i c ,  i n  o r d e r  t o  compare e x i s t i n g  p a t t e r n s  
of e n e r g y  u s e  and s u p p l y  a s  w e l l  a s  a l t e r n a t i v e  methods f o r  f o r e -  
c a s t i n g ,  p l a n n i n g ,  and p o l i c y  making. From t h i s  comparison,  a l t e r -  
n a t e  e n e r g y  p o l i c y  s t r a t e g i e s  w i l l  be d e v e l o p e d  f o r  e a c h  o f  t h e  
r e g i o n s ,  and t h e i r  c o n s e q u e n c e s  a s s e s s e d  f rom v a r i o u s  p e r s p e c -  
t i v e s  u s i n g  i n d i c a t o r s  o f  e n v i r o n m e n t a l  i m p a c t ,  energy  u s e  
e f f i c i e n c y ,  e t c .  
A  s t r o n g  c o r e  g r o u p  h a s  d e v e l o p e d  a t  IIASA i n v o l v i n g  
s c i e n t i s t s  f rom t h e  Ecology,  Energy,  Methodology, Bio-Medical ,  
and I n d u s t r i a l  Systems P r o j e c t s .  F i rm working a r r a n g e m e n t s  have 
been  made w i t h  t h e  a p p r o p r i a t e  r e s e a r c h  g r o u p s  i n  Wisconsin  (USA), 
F r a n c e ,  and t h e  German Democra t i c  R e p u b l i c .  
The energy /env i ronment  s t u d y  was d e s i g n e d  a s  t h e  n e x t  
l o g i c a l  s t e p  f o l l o w i n g  t h e  Budworm and t h e  Salmon s t u d i e s ,  and 
i s  a n  e f f e c t i v e  work ing  l i n k  w i t h  t h r e e  i n s t i t u t i o n s  f rom 
n a t i o n a l  member o r g a n i z a t i o n s  (NMO) f r o m  n o n - s o c i a l i s t  and  
s o c i a l i s t  c o u n t r i e s .  T h i s  p l a n n e d  s e q u e n t i a l  e f f o r t  h a s  l e d  t o  
a n  e f f e c t i v e  p rogram.  
Human Impac t  o n  High Moun ta in  R e g i o n s :  O b e r g u r g l  C a s e  
S t u d y  (S .  Buckingham, R. H i l b o r n ,  G .  M a r g r e i t e r ,  C. W a l t e r s )  
T h i s  i s  less a  c a s e  s t u d y  t o  d e v e l o p  new t e c h n i q u e s  a n d  con- 
c e p t s  t h a n  it i s  a n  e x e r c i s e  o f  communica t ion ,  t r a n s f e r ,  a n d  con-  
f l i c t  r e s o l u t i o n .  The s t u d y  b e g a n  i n  J a n u a r y  1974 ,  a n d  f o c u s s e d  
o n  t h e  O b e r g u r g l  r e g i o n  o f  A u s t r i a .  A  series o f  workshops  w e r e  
h e l d  w i t h  s c i e n t i s t s  f r o m  Man-and-Biosphere  (MAB) p r o j e c t s ,  w i t h  
r e g i o n a l  gove rnmen t  o f f i c i a l s ,  a n d  b u s i n e s s m e n  a n d  v i l l a g e r s  
f r o m  O b e r g u r g l .  T h a t  s t u d y  i s  a  microcosm o f  i n t e r a c t i o n  o f  
e c o n o m i c s ,  l a n d  a n d  deve lopmen t  t h a t ,  i n  a  p a r t i c u l a r l y  v i v i d  
fo rm,  h a s  l e d  t o  c l o s e  l i n k s  among s c i e n t i s t s ,  gove rnmen t  o f f i -  
c i a l s  a n d  v i l l a g e r s  f o r  t h e  d e v e l o p m e n t  o f  s p e c i f i c  r e g i o n a l  
p l a n s .  The t e c h n i q u e s  u s e d  a n d  t h e  r e s u l t s  o b t a i n e d  h a v e  b e e n  
e x c h a n g e d ,  and  I IASA' s  r o l e  h a s  b e e n  c o m p l e t e d  w i t h  t h e  l a s t  
workshop  h e l d  i n  May 1975.  
E c o l o g i c a l  Models o f  R i v e r   asi in Water  Q u a l i t y  ( H .  S t e h f e s t ,  
R. S o n c i n i ,  S. R i n a l d i ,  J. G r o s ,  T. Ost rom) 
U s i n g  d a t a  f rom t h e  Rh ine  R i v e r  i n  t h e  F e d e r a l  R e p u b l i c  o f  
Germany, t h i s  s t u d y  h a s  b e e n  d e v e l o p i n g  a  series o f  a p p r o a c h e s  
f o r  c o m p a r i n g  a l t e r n a t i v e  m o d e l s  t h a t  c o u l d  b e  a p p l i e d  t o  t h e  
e s t a b l i s h m e n t  o f  c o n t r o l  p o l i c i e s  t o  m e e t  w a t e r  q u a l i t y  s t a n d a r d s .  
The s t u d y  h a s  shown t h a t  s i m p l e  mode l s  ( e . g .  S t r e e t e r - P h e l p s )  
r e s u l t  i n  e s s e n t i a l l y  t h e  same p r e s c r i p t i v e  r ecommenda t ions  a s  
complex  e c o l o g i c a l  m o d e l s ,  and  a t t e n t i o n  h a s  s h i f t e d  t o w a r d  
p r o b l e m s  o f  o p t i m i z a t i o n  a n d  c o n f l i c t  r e s o l u t i o n  i n  l a r g e  r i v e r  
b a s i n s .  The s t u d y  w i l l  c o n t i n u e  i n t o  1976 ;  t h e  f i n a l  o u t p u t  is  
e x p e c t e d  t o  b e  a  book.  
4 .  What W e  D i d n ' t  Do 
Our i n i t i a l  o b j e c t i v e  o f  p u t t i n g  s o m e t h i n g  i n  p l a c e  a s  
q u i c k l y  a s  p o s s i b l e  had a  p r i c e  a t t a c h e d  t o  it. S u p e r b  i n t e r -  
a c t i o n  e v o l v e d  be tween  Eco logy  a n d  o t h e r  IIASA pro jec t s - -Method-  
o l o g y ,  E n e r g y ,  a n d ,  i n  p a r t i c u l a r  Urban.  C r o s s - c u l t u r a l  and 
i n t e r n a t i o n a l  i n t e r a c t i o n s  w i t h i n  IIASA h a v e  n o t  b e e n  r e a l i z e d ;  
y e t  it i s  t h e s e  a c t i v i t i e s  where  t h e  m a j o r  p o t e n t i a l  o f  IIASA 
l i e s .  T h i s  was  made a l l  t h e  w o r s e  b e c a u s e  t h e  p e r c e p t i o n  h a s  
d e v e l o p e d  t h a t  t h e  work was  d o n e  by C a n a d i a n s  on  p u r e l y  C a n a d i a n  
p r o b l e m s .  I n  r e a l i t y ,  t h e  s c i e n t i s t s  f r o m  t h e  P r o j e c t  h a v e  come 
f r o m  t h e  FRG, I t a l y ,  J a p a n ,  USSR, and  t h e  USA a s  w e l l  a s  f r o m  
Canada.  W e  a r e  d e e p l y  i n v o i v e d  i n  a  w a t e r  q u a l i t y  s t u d y  o f  t h e  
Rh ine  R i v e r ,  and  a  cross-comparison o f  r e g i o n a l  e n e r g y  s y s t e m s  
i n  F r a n c e ,  t h e  GDR, and t h e  USA. D u r i n g  t h e  n e x t  f ew y e a r s ,  we 
m u s t  c o n c e n t r a t e  f rom a  r e g i o n a l  b a s e  on  more g l o b a l  p r o b l e m s ,  
w i t h  e m p h a s i s  s w i t c h e d  t o  i n t e r n a t i o n a l  l i n k i n g  and  c o o p e r a t i o n ;  
t h i s  w i l l  r e q u i r e  p e r s o n s  o f  t h e  h i g h e s t  s k i l l s  i n  s c i e n t i f i c  
d i p l o m a c y .  
5 .  What W e  P r o p o s e  Shou ld  Be Done 
W e  p r o p o s e  a  r e o r g a n i z a t i o n  o f  t h e s e  a c t i v i t i e s  i n  t h e  
f o l l o w i n g  t h r e e  ways:  
1 )  I d e n t i f i c a t i o n  o f  a c t i v i t i e s ,  n o t  a s  a  s e p a r a t e  p r o j e c t  
b u t  a s  a  series o f  t a s k  g r o u p s  t h a t ,  combined w i t h  
o t h e r  a c t i v i t i e s ,  would fo rm a  l a r g e r  a r e a  o f  r e s o u r c e s  
and e n v i r o n m e n t .  T h i s  a r e a  s h o u l d  h a v e  more pe rmanen t  
l e a d e r s h i p ,  w i t h  t h e  t a s k  g r o u p s  coming and  g o i n g  a s  
n e e d s  w a r r a n t ;  
2 )  Development  o f  a  d e c e n t r a l i z e d  ne twork  o f  c o o p e r a t o r s  
and i n s t i t u t e s  t h a t  would e i t h e r  t i e  i n t o  t h e  work o f  
t h e  IIASA t a s k  g r o u p  o r  u s e  IIASA a s  a  communica t ion ,  
workshop ,  and  i n f o r m a t i o n  c e n t e r ;  and 
3 )  C o o r d i n a t i o n  o f  t h i s  n e t w o r k  by a t  l e a s t  t w o  i n d i v i d u a l s  
who would a c t  a s  " s c i e n t i f i c  d i p l o m a t s "  and  would n u r t u r e ,  
d e v e l o p ,  and  r e i n f o r c e  t h e  n e t w o r k .  T h i s  w i l l  r e q u i r e  
immense e x p e r i e n c e ,  p l a n n i n g ,  t i m e ,  and  t r a v e l  s i n c e  a l l  
t h e  f o r c e s  w i l l  t e n d  t o  d i s s o l v e  t h e  ne twork .  
The s p e c i f i c  t a s k s  e n v i s a g e d  a r e  a s  f o l l o w s :  
P e s t  Management: The budworm s t u d y  c a n  s h o r t l y  move t o  
i m p l e m e n t a t i o n .  T h a t  i s  i m p o r t a n t  s i n c e  i t  i s  w i d e l y  r e c o g n i z e d  
t h a t  t h e  s p r a y i n g  p o l i c y  o f  t h e  p a s t  t w e n t y - t h r e e  y e a r s  h a s  l e f t  
t h e  f o r e s t s  o f  New Brunswick  r i p e  f o r  a n  o u t b r e a k  more  e x t e n s i v e  
and  i n t e n s i v e  t h a n  a n y  i n  t h e  p a s t .  I m p l e m e n t a t i o n  is  a  non- 
t r i v i a l  p rob lem:  t w e n t y - s i x  gove rnmen t  a g e n c i e s ,  t h r e e  p r o v i n c e s ,  
o n e  s t a t e ,  two n a t i o n s ,  f o r e s t  i n d u s t r y ,  and r e c r e a t i o n a l  g r o u p s  
a r e  a l l  i n v o l v e d .  I n  t h e  f i r s t  p h a s e  o f  i m p l e m e n t a t i o n ,  t h e  
c e n t e r  and c o n t r o l  mus t  b e  s h i f t e d  t o  o u r  New Brunswick c o l l a b o -  
r a t o r s ,  s i n c e  t h e y  a l o n e  know t h e  s e t t i n g ,  t h e  i n s t i t u t i o n s ,  and 
t h e  a c t o r s .  By December 1975 ,  we e x p e c t  t o  h a v e  c o m p l e t e d  t h e  
f o l l o w i n g  s t e p s :  
1 )  T r a n s f e r  a n d  i m p l e m e n t a t i o n  o f  e x i s t i n g  m o d e l s ,  t e c h -  
n i q u e s ,  a n d  d a t a  t o  t h e  New Brunswick  g r o u p ;  
2 )  H o l d i n g  o f  a n  i n i t i a l  workshop w i t h  t h e  New Brunswick  
g r o u p  t o  t e s t  t h e  e f f e c t i v e n e s s  o f  t h e  t r a n s f e r  and  t o  
h e l p  p l a n  t h e  s u c c e e d i n g  s t e p s ;  
3 )  H o l d i n g  o f  a  workshop ( t h e  f i r s t  o f  a  ser ies)  t o  b e  
o r g a n i z e d  by t h e  New Brunswick g r o u p  and i n v o l v i n g  
p r o v i n c i a l  and  i n d u s t r i a l  p e o p l e ,  t h a t  would s t a r t  a  
m u t u a l  e d u c a t i o n a l  p r o c e s s  w h i c h ,  we hope ,  w i l l  l e a d  t o  
t h e  b e g i n n i n g  o f  new management a p p r o a c h e s ;  and 
4 )  E s t a b l i s h m e n t  o f  a  "mini-network" o f  c o l l a b o r a t i n g  
c e n t e r s - - e . g .  a t  Harvard U n i v e r s i t y ,  t h e  I n s t i t u t e  o f  
Resource Ecology,  and a t  IIASA--that would p a r t i c i p a t e  
i n  t h e  implementa t ion  p r o c e s s .  
P a r e l l e l i n g  t h e  workshop s e r i e s  and f e e d i n g  i n t o  it w i l l  be 
a n  i n s t i t u t i o n a l  and d e c i s i o n - a n a l y s i s  s t u d y  of  t h e  k i n d  s t r o n g l y  
recommended by t h e  Ecology P r o j e c t  Advisory  Committee. ( T h i s  
w i l l  i n v o l v e  R a i f f a ,  B e l l ,  and F i e r i n g  from t h e i r  b a s e  a t  Harvard 
U n i v e r s i t y . )  
It w i l l  n o t  be p o s s i b l e  t o  p l a n  any f u r t h e r  a c t i v i t i e s  u n t i l  
t h e s e  s t e p s  a r e  comple ted .  However, it is  proposed t h a t  IIASA 
h o l d  a t  l e a s t  one  major  c o n f e r e n c e  on  r e s o u r c e  management i n  
1976 t h a t  would b r i n g  t o g e t h e r  g r o u p s  from t h e  FRG, G D R ,  J a p a n ,  
P o l a n d ,  USSR, and USA which a r e  f a c i n g  s i m i l a r  p rob lems ,  i n  
o r d e r  t o  e x p l o r e  p o s s i b i l i t i e s  o f  a  b r o a d e r  i n t e r n a t i o n a l  t r a n s -  
f e r .  
Oceanic  F i s h e r i e s :  The work b e i n g  done  by W a l t e r s ,  H i l b o r n ,  
Buckingham, G a t t o ,  and R i n a l d i  on m o d e l l i n g  and p o l i c y  a n a l y s i s  
o f  t h e  salmon problem w i l l  be t r a n s f e r r e d  t o  t h e  U n i v e r s i t y  o f  
B r i t i s h  Columbia,  i n  o r d e r  t o  c o n s o l i d a t e  and expand t h o s e  a n a l y -  
ses set i n  motion a t  IIASA. T h i s  c a n  b e s t  b e  done  w i t h  a  c l o s e  
and c o n t i n u a l  working r e l a t i o n  w i t h  f i s h e r i e s  s c i e n t i s t s  and 
f i s h e r i e s  managers ;  c o o p e r a t i o n  of  t h i s  t y p e  h a s  a l r e a d y  been  
o b t a i n e d  from p e r s o n n e l  o f  Environment Canada i n  B r i t i s h  Columbia.  
There  w i l l  be a  series of  i n t e n s e  working s e s s i o n s  w i t h  s c i e n t i s t s  
and managers  t h a t  w i l l  b e  c o n s o l i d a t e d  by mid-1976 i n t o  a  major  
workshop emphasizing communication o f  e x i s t i n g  deve lopments .  
T h i s  workshop would aim a t  p a r t i c i p a n t s  f rom Canada, J a p a n ,  and t h e  
USSR and USA, and would b e  co-sponsored by IIASA, Environment 
Canada, and t h e  U n i v e r s i t y  o f  B r i t i s h  Columbia.  
A f t e r  t h i s  t r a n s f e r  h a s  been c o m p l e t e d ,  a  new o p p o r t u n i t y  
o p e n s  f o r  IIASA t o  i n i t i a t e  t h e  n e x t  s t e p  i n  which emphasis  would 
b e  more b r o a d l y  p l a c e d  on o c e a n i c  f i s h e r i e s  and t h e  e s t a b l i s h -  
ment o f  a n  i n t e r n a t i o n a l  network of  c o o p e r a t i n g  i n s t i t u t e s  and 
i n d i v i d u a l s .  T h i s  a c t i v i t y  would r e q u i r e  wor ld  f i s h e r i e s  d a t a .  
At tempts  have been made ( e  .g .  by t h e  Food and A g r i c u l t u r e  
O r g a n i z a t i o n  (FAO) ) t o  d e v e l o p  a  common d a t a  bank t h a t  c o u l d  be 
used  t o  e x p l o r e  r e g i o n a l  and g l o b a l  q u e s t i o n s  of  f i s h e r i e s  
r e s o u r c e s  and management. These e f f o r t s  have  n o t  been s u c c e s s f u l  
main ly  b e c a u s e  of t h e i r  i n s t i t u t i o n a l  f o r m a l i t y .  IIASA, a s  a  
u n i q u e  i n s t i t u t i o n ,  h a s  t h e  p o t e n t i a l  t o  b r e a k  t h r o u g h  t h i s  prob- 
l e m  by b r i n g i n g  t o g e t h e r  i n f o r m a l l y  working s c i e n t i s t s  t o  d i s c u s s  
t h e  i s s u e s ,  t o  i d e n t i f y  t h e  p o l i t i c a l  c o n s t r a i n t s ,  and t o  i d e n t i -  
f y  minimum d a t a  needs .  T h i s  c o u l d  be done i n  a  low-key way t h a t  
migh t  a v o i d  some of t h e  more ex t reme s u s p i c i o n s  and c o n f l i c t s  
t h a t  have p r e v i o u s l y  emerged. 
Wilimovsky (who h a s  wide c o n t a c t s  w i t h  s c i e n t i s t s  i n  b o t h  
d e v e l o p i n g  and deve loped  c o u n t r i e s )  h a s  a g r e e d  t o  i n i t i a t e  t h e  
f i r s t  s t e p s  i n  such a n  e f f o r t .  The f i r s t  s t e p  w i l l  c a p i t a l i z e  
on t h e  o p p o r t u n i t y  p r o v i d e d  by t h e  P a c i f i c  S c i e n c e  Congress  t h a t  
w i l l  m e e t  i n  Vancouver i n  August  1975.  A d o z e n  key  f i s h e r i e s  
s c i e n t i s t s  w i l l  b e  b r o u g h t  t o g e t h e r ,  i n f o r m a l l y ,  t o  r a i s e  t h e  
i s s u e  and t o  e x p l o r e  i t s  f e a s i b i l i t y .  I f  it a p p e a r s  r e a s o n a b l e  
t o  p r o c e e d ,  Wilimovsky, Gul land  ( o r  a n  a l t e r n a t e  f rom FAO), and 
P. Moiseev (USSR) w i l l  m e e t  a t  IIASA f o r  one  week i n  e a r l y  
Oc tober  t o  p r e p a r e  a  d e f i n i t i v e  working p l a n  f o r  t h e  a p p r o v a l  
o f  t h e  IIASA C o u n c i l  i n  November. The i m p l e m e n t a t i o n  o f  t h i s  
p l a n  i s  l i k e l y  t o  r e q u i r e  a  s i x  t o  e i g h t  month p e r i o d  d u r i n g  
which s m a l l  workshops w i l l  b e  h e l d  t o  i d e n t i f y  problems and t o  
d e t e r m i n e  t h e  q u e s t i o n s  t h a t  s h o u l d  b e  a s k e d  and t h e  a c t u a l  
n e e d s .  Subsequen t  s t e p s  c o u l d  b e  a  p i l o t  s t u d y  o f  a  r e a s o n a b l y  
s i m p l e  r e g i o n  w i t h  a  number o f  f i s h e r i e s  and a  number o f  n a t i o n s  
e x p l o i t i n g  t h e s e  f i s h e r i e s .  T h i s  would p r o v i d e  a n  i d e n t i f i c a t i o n  
o f  d a t a  n e e d s ,  and t h e  d e t e r m i n a t i o n  o f  how t h e s e  d a t a  c o u l d  b e  
a c q u i r e d ,  s t o r e d  and  used .  Da ta  u s e  c o u l d  b e  o f  two k i n d s :  
a )  a s  a  b a s i s  f o r  compar i son  o f  v a r i o u s  t h e o r e t i c a l  and m o d e l l i n g  
e f f o r t s  o f  t h e  t y p e  c o n d u c t e d  i n  t h e  salmon s t u d y ;  and b )  a s  a  
s o u r c e  o f  i n f o r m a t i o n  f o r  r e a l  t i m e  r e g i o n a l  management. 
T h i s  p r o p o s a l  r e p r e s e n t s  a  p r o b i n g  e x p e r i m e n t  t o  see i f  
IIASA c a n  p e r f o r m  a  "Pugwash" c o n f e r e n c i n g  a c t i v i t y  t h a t  would 
e f f e c t i v e l y  s h o r t  c i r c u i t  some o f  t h e  i m p o s s i b l e  b a r r i e r s  en- 
c o u n t e r e d  by FA0 and by o t h e r  Uni ted  N a t i o n s  o r g a n i z a t i o n s .  I t  
h a s  t h e  p o t e n t i a l  t o  a d d r e s s  a n  i m p o r t a n t  s c i e n t i f i c  i s s u e - -  
namely how much i n f o r m a t i o n  i s  needed and f o r  what p u r p o s e .  
For  example ,  t h e  e x p e r i e n c e  g a i n e d  f rom i n t e n s i v e  management 
o f  f i s h e r i e s  t h a t  u s e  s o p h i s t i c a t e d  i n f o r m a t i o n  s u g g e s t s  t h a t  
t h e  u s e  o f  r i c h e r  i n f o r m a t i o n  y i e l d s  o n l y  m o d e s t l y  improved 
management a p p r o a c h e s  a s  opposed t o  t h e  u s e  o f  s i m p l e  and p r i m i -  
t i v e  d a t a  s o u r c e s .  The v a l u e  o f  i n f o r m a t i o n  i n  a n  u n c e r t a i n  
wor ld  i s  o f  c o n s i d e r a b l e  i n t e r e s t  t o  o t h e r  g r o u p s  a t  IIASA; t h e i r  
e x p e r i e n c e  and  t e c h n i q u e s  c o u l d  w e l l  b e  b r o u g h t  t o  b e a r  o n  t h i s  
problem.  
Compara t ive  I n t e g r a t e d  R e g i o n a l  Energy/Environment Systems:  
T h i s  s t u d y  ( t h a t  began i n  1975) w i l l  c o n t i n u e  a t  l e a s t  u n t i l  
1976 and w i l l  p r o b a b l y  b e  f o l l o w e d  u p  by a  t h i r d  y e a r  ( 1 9 7 7 ) .  
I t  h a s  a l r e a d y  e s t a b l i s h e d  v e r y  e f f e c t i v e  c r o s s - p r o j e c t  working 
r e l a t i o n s ,  and h a s  had g r e a t e r  s u c c e s s  t h a n  t h e  Budworm and t h e  
Salmon c a s e  s t u d i e s  i n  d e v e l o p i n g  e f f e c t i v e  i n t e r n a t i o n a l  r e l a -  
t i o n s  w i t h  t h e  a p p r o p r i a t e  g r o u p s  i n  Wisconsin  (USA), F r a n c e ,  
and t h e  German Democra t i c  R e p u b l i c .  T h i s  p r o j e c t  is a n o t h e r  
e x p e r i m e n t  i n  ne twork ing ,  w i t h  IIASA a t  t h e  c e n t e r  o f  a  s m a l l  
ne twork  o f  c o l l a b o r a t i n g  i n s t i t u t e s .  The network c o n c e p t  w i l l  
b e  c o n t i n u e d  i n  1976 and 1977; i t s  e x a c t  form w i l l  depend on 
which s c i e n t i s t s  w i l l  r emain  i n  r e s i d e n c e  a t  IIASA and which 
w i l l  c o n d u c t  t h e  r e s e a r c h  a t  t h e i r  home i n s t i t u t i o n s .  I n  1976 
and 1977,  t h e  r e s e a r c h  e f f o r t  w i l l  b e  d i r e c t e d  j o i n t l y  by IIASA 
and  t h e  U n i v e r s i t y  o f  Wiscons in .  During t h i s  p e r i o d ,  F o e l l  w i l l  
c o n t i n u e  t o  p l a y  a  major  r o l e  f rom o n e  o r  t h e  o t h e r  o f  t h e s e  
b a s e s .  
I n  1976 a  fo l low-up  s t u d y  ( t o  t h e  f i r s t  t h r e e  r e g i o n s  
s t u d i e d  i n  1975)  w i l l  f o c u s  on t h r e e  a d d i t i o n a l  r e g i o n s  t h a t  
d i f f e r  g r e a t l y  i n  p h y s i c a l ,  soc io -economic ,  and i n s t i t u t i o n a l  
p l a n n i n g  c h a r a c t e r i s t i c s .  One o f  t h e s e  r e g i o n s  w i l l  b e  a  d e v e l -  
o p i n g  c o u n t r y .  I n  a d d i t i o n  t o  c o n t i n u i n g  t h e  i n n o v a t i v e  r e s e a r c h  
f o r m a t  o f  1975,  t h e  1 9 7 6 p r o g r a m  w i l l  b e  f u r t h e r  d e s i g n e d  t o  
examine t h e  mechanisms o f  i n t e r - r e g i o n a l  t r a n s f e r a b i l i t y  o f  t h e  
t h e  c o n c e p t s  and m e t h o d o l o g i e s  s t u d i e d  d u r i n g  1975. ( T h i s  w i l l  
have a l r e a d y  been  d i s c u s s e d  i n  a  p r e l i m i n a r y  manner a t  t h e  IIASA 
r e g i o n a l  energy /env i ronment  workshop i n  November 1975 . )  The 1976 
program w i l l  e v a l u a t e  t h e  " r e s e a r c h  f o r m a t "  used i n  t h i s  p r o j e c t  
a s  a  more g e n e r a l  sys tems  a n a l y s i s  t o o l  f o r  b r i d g i n g  t h e  g a p  
between s y s t e m s  a n a l y s i s  and p o l i c y  d e s i g n .  
By 1977,  t h e r e  s h o u l d  emerge a  c l e a r e r  p i c t u r e  o f  t h e  p o o r l y  
u n d e r s t o o d  r e l a t i o n s h i p s  between t h e  socio-economic and t h e  
e n e r g e t i c  c h a r a c t e r i s t i c s  o f  r e g i o n a l  e n e r g y  s y s t e m s .  Based 
upon t h e  s t u d y  o f  f i v e  t o  s e v e n  w e l l - c h o s e n  r e g i o n s  w i t h  g r e a t l y  
d i f f e r i n g  c h a r a c t e r i s t i c s ,  we s h o u l d  b e g i n  t o  d e v e l o p  a n  a r r a y  
o f  t o o l s  ( e . g .  m o d e l l i n g  t e c h n i q u e s ,  d a t a  b a s i s ,  communicat ion 
and d e c i s i o n  t o o l s )  f o r  more e f f e c t i v e  management o f  r e g i o n a l  
energy /env i ronment  s y s t e m s .  The r e s u l t s  o f  t h e s e  s t u d i e s  w i l l  
b e  documented i n  a  s e r i e s  o f  monographs c o n t a i n i n g  c a s e  s t u d y  
d e s c r i p t i o n s  and t h e  h i e r a r c h y  o f  m e t h o d o l o g i e s ,  w i t h  emphas i s  
on t h e i r  a p p l i c a b i l i t y  under  d i f f e r e n t  c o n d i t i o n s ,  e . g .  i n  a  
d e v e l o p i n g  c o u n t r y ,  a  c e n t r a l l y - p l a n n e d  economy. 
Envi ronmenta l  Management o f  I n f o r m a t i o n :  I n  September  1975,  
Matthews o f  M a s s a c h u s e t t s  I n s t i t u t e  o f  Technology (MIT) w i l l  
i n i t i a t e  a  s t u d y  o f  e n v i r o n m e n t a l  management. The U n i t e d  
N a t i o n s  Envi ronmenta l  Programme (UNEP) w i l l  be a  key c o l l a b o r a t o r  
i n  t h e  s t u d y ,  and  a d d i t i o n a l  working l i n k s  w i l l  b e  e s t a b l i s h e d  
w i t h  o t h e r  NMO i n s t i t u t i o n s .  
Env i ronmenta l  Impact  Assessment :  One o f  t h e  p r i m a r y  i n t e n t s  
i n  t h i s  e f f o r t  i s  t o  l a y  o u t  a  h i e r a r c h y  o f  impac t  a s s e s s m e n t  
methods t h a t  p r o c e e d  f rom s i m p l e  and q u a l i t a t i v e ,  t o  complex and 
h i g h l y  q u a n t i t a t i v e .  Along t h i s  s p e c t r u m  would b e  a n  i n c r e a s e  
i n  t h e  amount o f  knowledge a v a i l a b l e  and i n  t h e  r e s o u r c e s  o f  
e x p e r t i s e  and compute r s .  From o u r  p r e s e n t  e x p e r i e n c e ,  we have 
found t h a t  t h e r e  a r e  t e c h n i q u e s  o f  q u a l i t a t i v e  m o d e l l i n g  t h a t  
a r e  s i m p l e  and l e s s  demanding o f  e x p e r t i s e ,  d a t a ,  and r e s o u r c e s .  
Al though t h e s e  t e c h n i q u e s  d o  n o t  p r o v i d e  h i g h l y  d e t a i l e d  a s s e s s -  
ment i n f o r m a t i o n ,  t h e y  a r e  r e s p o n s i v e  t o  q u a l i t a t i v e  q u e s t i o n s  
t h a t  m i g h t ,  i n  f a c t ,  b e  t h e  more i m p o r t a n t  o n e s .  These s i m p l e r  
t e c h n i q u e s  a r e  more p r a c t i c a l ,  and a r e  w i t h i n  t h e  s c o p e  o f  
r e a l i t y  o f  e x i s t i n g  i m p a c t  a s s e s s m e n t  teams i n  b o t h  d e v e l o p i n g  
and d e v e l o p e d  c o u n t r i e s .  T h i s  a c t i v i t y  i s  t o t a l l y  s u p p o r t e d  
by a g r a n t  t o  IIASA from UNEP. 
We have a r i c h  a r r a y  o f  models  o f  r e g i o n a l  e n v i r o n m e n t a l  
problems--e .g .  f i s h e r i e s ,  f o r e s t r y ,  w i l d l i f e  and r e g i o n a l  d e v e l -  
opment.  These  models  c a n  b e  t h e  t e s t i n g  bed f o r  t h e  deve lopment  
o f  key e n v i r o n m e n t a l  i n d i c a t o r s  and e n v i r o n m e n t a l  impac t  
a s s e s s m e n t  p r o c e d u r e s .  A g r o u p  o f  s c i e n t i s t s  from A r g e n t i n a ,  
Canada,  t h e  UK, t h e  USA and Venezue la  have  a g r e e d  t o  work 
t o g e t h e r  t o  d e v e l o p  a series o f  handbooks on e n v i r o n m e n t a l  i m -  
p a c t  a s s e s s m e n t  p r o c e d u r e s .  I m p l e m e n t a t i o n  o f  t h i s  a c t i v i t y  
w i l l  r e q u i r e  a p p r o x i m a t e l y  two y e a r s ,  and w i l l  p r o c e e d  i n  f o u r  
s t a g e s .  The f i r s t  t h r e e  s t a g e s  w i l l  b e  t h e  a n a l y s e s  and d e v e l -  
opment o f  i n d i c a t o r s  and m e t h o d o l o g i e s .  At t h e  end o f  e a c h  o f  
t h e  s t a g e s ,  a  workshop w i l l  b e  h e l d  i n v o l v i n g  t h e  p a r t i c i p a t i n g  
s c i e n t i s t s  i n  o r d e r  t o  c o n s o l i d a t e  deve lopments  t o  t h a t  p o i n t ,  
t o  i d e n t i f y  new a c t i v i t i e s  and t o  a s s i g n  c o r r e s p o n d i n g  respon-  
s i b i l i t i e s .  Thus t h e r e  w i l l  b e  a  r e v o l v i n g  set  o f  p a p e r s  t h a t  
w i l l  g r a d u a l l y  move t o  c o n s o l i d a t i o n ,  and w i l l  fo rm t h e  b r i e f i n g  
document f o r  a major  c o n f e r e n c e  a t  IIASA i n  which  p r a c t i t i o n e r s  
of e n v i r o n m e n t a l  i m p a c t  a s s e s s m e n t  w i l l  b e  b r o u g h t  t o g e t h e r  t o  
c r i t i q u e  t h e  e f f o r t .  With t h a t  c r i t i q u e ,  t h e  documents  w i l l  b e  
r e w r i t t e n  as a s e r i e s  o f  handbooks f o r  e n v i r o n m e n t a l  impac t  
a s s e s s m e n t .  
C o n c e p t u a l  and  M e t h o d o l o g i c a l  I s s u e s  ( E c o l o g i c a l  P o l i c y  
D e s i g n ) :  I n  1974-1975 t h e r e  h a s  emerged a t  IIASA a  f r u i t f u l  
c r o s s - p r o j e c t  c o o p e r a t i o n  on key m e t h o d o l o g i c a l  and c o n c e p t u a l  
i s s u e s ,  A t  o n e  l e v e l  t h e r e  i s  a common e f f o r t ,  u s i n g  o u r - d i f -  
f e r e n t  c a s e  s t u d i e s ,  t o  d e v e l o p  a  c o h e r e n t  set  o f  m e t h o d o l o g i e s  
f o r  a  new s c i e n c e  o f  e n v i r o n m e n t a l  management. To g i v e  f o c u s  
t o  t h i s  e f f o r t ,  e l e m e n t s  o f  t h e  Eco logy ,  t h e  Energy,  and t h e  
Methodology P r o j e c t s  have commit ted t h e m s e l v e s  t o  t h e  p r e p a r a -  
t i o n  o f  a n  a s s e s s m e n t  o f  t h r e e  c a s e  s t u d i e s - - s a l m o n ,  budworm, 
and e n e r g y .  By comparing t h e s e  s t u d i e s ,  w e  have found t h a t  
some o f  t h e  e f f o r t s  i d e n t i f i e d  t e c h n i q u e s  t h a t  o t h e r  e f f o r t s  
d i d  n o t ,  and t h a t  a  f u l l  r a n g e  o f  t e c h n i q u e s  c o u l d  b e  i d e n t i f i e d  
by a  c r o s s - c a s e  s t u d y  a n a l y s i s  o f  t h i s  t y p e .  These t e c h n i q u e s  
o f  d e s c r i p t i o n  and p r e s c r i p t i o n  w i l l  b e  documented i n  a book 
t h a t  w i l l  b e  p r e s e n t e d  a t  t h e  i n i t i a l  s e s s i o n  of t h e  IIASA 
r e s o u r c e  management c o n f e r e n c e  i n  1976. 
R e g a r d l e s s  o f  how e l e g a n t  and e f f e c t i v e  t h e  methodology 
migh t  b e ,  it c a n  b e  g r o s s l y  misused  u n l e s s  set  w i t h i n  a  r e l e v a n t  
c o n c e p t u a l  c o n t e x t .  The key i s s u e  t h a t  seems t o  have c a p t u r e d  
t h e  i n t e r e s t s  o f  a  wide  r a n g e  o f  p e o p l e  a t  IIASA i s  ways o f  
d e a l i n g  w i t h  p a r t i a l l y ,  o r  even  t o t a l l y ,  unknown s y s t e m s .  A l l  
o f  o u r  t e c h n i q u e s  have  h i s t o r i c a l l y  t e n d e d  t o  p l a n  o n  t h e  p r e -  
sumpt ion  o f  s u f f i c i e n t  knowledge. But i n c r e a s i n g l y ,  w e  a r e  
r e a l i z i n g  t h a t  t h e  domain o f  o u r  i g n o r a n c e  is  s o  g r e a t  t h a t  we 
have t e n d e d  t o  p roduce  l a r g e r  and l a r g e r  s y s t e m s  whose f a i l u r e s  
i n c u r  l a r g e r  and l a r g e r  c o s t s .  The n u c l e a r  e n g i n e e r s  o f  t h e  
Energy P r o j e c t  h a v e  l a b e l l e d  t h i s  i s s u e  " h y p o t h e t i c a l i t y " .  They 
a r g u e  t h a t  t e c h n o l o g i c a l  advances  h a v e  come t h r o u g h  a  t r i a l  and 
e r r o r  way o f  h a n d l i n g  i g n o r a n c e ;  a  s m a l l  t r i a l  i s  e s t a b l i s h e d  
and i f  it f a i l s ,  i n f o r m a t i o n  is g a i n e d  and m o d i f i c a t i o n s  c a n  
t a k e  p l a c e .  Bu t ,  t h e  s c a l e  o f  o u r  t r i a l s  a r e  s o  l a r g e  t h a t  we 
c a n n o t  c o m f o r t a b l y  a f f o r d  any  e r r o r .  They s a y  we have l o c k e d  
o u r s e l v e s  i n t o  a  wor ld  i n  which we c a n  e s t a b l i s h  h y p o t h e s e s  b u t  
d a r e  n o t  tes t  them. The e c o l o g i s t s  h a v e  been a p p r o a c h i n g  t h e  
same i s s u e  from a  d i f f e r e n t  d i r e c t i o n ,  and have  c o i n e d  t h e  word 
" r e s i l i e n c e " .  They a r g u e  t h a t  n a t u r a l  s y s t e m s  have  a n  immense 
c a p a c i t y  t o  a b s o r b  unexpec ted  t raumas  and t o  p e r s i s t .  T h e r e  
is  a  m a t t e r  o f  a  t r a d e - o f f  between " e f f i c i e n c y "  and " p e r s i s t e n c e " .  
C o n s i d e r a b l e  work h a s  been  done w i t h  t h e o r e t i c a l  models and w i t h  
t h e  models  coming from t h e  c a s e  s t u d i e s  t o  g i v e  t h i s  c o n c e p t  of  
r e s i l i e n c e  more s p e c i f i c  d e f i n i t i o n  and n u m e r i c a l  r e p r e s e n t a t i o n .  
I t  d o e s  s e e m  t o  b e  s t a n d i n g  up,  and t o  b e  p r o v i d i n g  a t  t h e  mini-  
mum a  d i r e c t i o n  toward a n  a l t e r n a t e  s t r a t e g y  of  d e s i g n  t h a t  c a n  
e x p l i c i t l y  t a k e  i n t o  a c c o u n t  p a r t i a l l y  known sys tems .  
T h i s  c e n t e r  of  i n t e r s e c t i n g  i n t e r e s t s  h a s  g r e a t  consequences  
f o r  a  number of  i s s u e s  a t  IIASA, f o r  example,  r i s k  a s s e s s m e n t ,  
e n g i n e e r i n g  f o r  s a f e t y  and h e a l t h ,  and e n v i r o n m e n t a l  s t a n d a r d s .  
The p r e s e n t  a p p r o a c h e s  t o  t h e s e  i s s u e s  aim a t  min imiz ing  t h e  
p r o b a b i l i t y  of  f a i l u r e .  But i n c r e a s i n g l y ,  o u r  e x p e r i e n c e  and 
o u r  a n a l y s e s  s u g g e s t  t h a t  s u c c e s s f u l  e f f o r t s  t o  minimize t h e  
p r o b a b i l i t y  of  f a i l u r e  a r e  p a i d  f o r  a t  t h e  p r i c e  of  a  h i g h  c o s t  
of  f a i l u r e  when it d o e s  o c c u r .  Such a p p r o a c h e s  t e n d  t o  b e  
" f a i l - s a f e " .  Our a n a l y s e s  s u g g e s t  an  a l t e r n a t e  approach  t h a t  i s  
" s a f e - f a i l "  i n  which t h e r e  is e x p l i c i t  e f f o r t  t o  d e s i g n  a  c e r t a i n  
p r o b a b i l i t y  o f  f a i l u r e  a s  w e l l  a s  an accompanying low c o s t  of  
f a i l u r e .  Through t h e s e  e f f o r t s ,  it a p p e a r s  p o s s i b l e  t o  d e v e l o p  
p o l i c i e s  t h a t  a r e  most r o b u s t - - l e s s  s e n s i t i v e  t o  t h o s e  unexpec ted  
e v e n t s  t h a t  s e e m  t o  b e d e v i l  p r e s e n t  e n v i r o n m e n t a l  management. 
The c o o p e r a t i o n  among IIASA a lumni  on t h e s e  i s s u e s  h a s  been 
s o  e f f e c t i v e  t h a t  it w i l l  c o n t i n u e  o v e r  1975-1976, u s i n g  e x i s t i n g  
networks of  IIASA a lumni .  
I n  summary, t h e  above set  of t a s k s  emphas izes  a  new s t a g e  
f o r  o u r  a c t i v i t i e s :  
1 )  A  s t r o n g  emphasis  on i n t e r n a t i o n a l  l i n k i n g  th rough  t h e  
o c e a n i c  f i s h e r i e s  and e n v i r o n m e n t a l  management s t u d i e s ;  
2 )  The e s t a b l i s h m e n t  of two m i n i - i n s t i t u t i o n a l  networks 
t h r o u g h  t h e  r e g i o n a l  e n e r g y  c a s e  s t u d y  and t h e  budworm 
c a s e  s t u d y ;  and 
3 )  A  major  c o n t i n u i n g  in -house  c a s e  s t u d y  o f  t h e  r e g i o n a l  
e n e r g y  a n a l y s i s .  
11. INSTITUTIONAL NETWORKING 
C.S. H o l l i n g  
The i s s u e  o f  i n s t i t u t i o n a l  ne twork ing  l i e s  a t  t h e  h e a r t  
of  I IASA's  m i s s i o n .  IIASA h a s  no r a t i o n a l e  f o r  e x i s t e n c e  e x c e p t  
t o  t h e  e x t e n t ,  t h a t  i t  c a n  f u l f i l l  t h e  g o a l  o f  i n t e r n a t i o n a l ,  
and i n  p a r t i c u l a r ,  " e a s t - w e s t "  c o o p e r a t i o n .  Almost i n c i d e n t a l l y ,  
good a p p l i c a t i o n  o f  sys tems  a n a l y s i s  r e q u i r e s  t h e  same in- 
g r e d i e n t s .  But t h e  r e a l i t i e s  a r e  f r i g h t e n i n g .  I t  i s  d i f f i c u l t  
t o  c o l l a b o r a t e  w i t h  g r o u p s  f rom o t h e r  d i s c i p l i n e s ,  o f t e n  l o c a t e d  
i n  o t h e r  b u i l d i n g s .  Added t o  t h e  d i f f i c u l t y  a r e  t h e  problems 
o f  d i f f e r e n t  l a n g u a g e s ,  i d e o l o g i e s ,  c u l t u r e s ,  and d i s t a n c e .  A l l  
we c a n  b e  s u r e  o f  i s  t h a t  a n  immense amount o f  p r o f e s s i o n a l  
p l a n n i n g  must go  i n t o  t h e  i n i t i a t i o n  o f  ne tworks  and t h e  n u r t u r -  
i n g  o f  t h e s e  ne tworks  a g a i n s t  t h e  overwhelming f o r c e s  moving 
t o  t h e i r  d i s s o l u t i o n .  
The Ecology P r o j e c t  h a s  been d e v e l o p i n g  t h i s  t y p e  o f  n e t -  
work w i t h  t h e  hope t h a t  t h e  e x p e r i e n c e s  g a i n e d  c a n  c o n t r i b u t e  
t o  t h e  n e x t  few y e a r s  o f  IIASA's o p e r a t i o n .  I t  c o n c e r n s  t h e  
forest /budworm problem,  and i n v o l v e s  t h e  t h r e e  p r ime  s t e p s  
s u g g e s t e d  i n  F i g u r e s  1 ,  2  and 3.  The key f e a t u r e s  o f  t h i s  de -  
s i g n  a r e  a s  f o l l o w s :  
1 )  S t a r t  v e r y  s m a l l  and m o d e s t l y ,  b i a s i n s  t h e  e f f o r t  
- - 
toward min imiz ing  c o m p l e x i t y ,  and a c c e p t i n g  t h e  cr i t -  
i c i s m  t h a t  t h e  r e a l  g o a l s  a r e  n o t  b e i n g  a d d r e s s e d ;  
2 )  I n  each  of  t h e  s t e p s  set  t h e  s e e d s - - t h e  i n f o r m a t i o n  
f l o w  needed t o  i d e n t i f y  t h e  c e n t e r s  f o r  t h e  n e x t  s t e p ;  
3 )  Make e a c h  of  t h e  s u c c e e d i n g  s t e p s  r u t h l e s s l y  p r a c t i c a l ;  
4 )  Have e a c h  o f  t h e  e l e m e n t s  of  t h e  network r e a l i z e  t h a t  
it i s  t o  i t s  a d v a n t a g e  t o  b e  a  p a r t  o f  t h e  network;  
5 )  O b t a i n  a  fo rmal  commitment and f u n d s  d e s i g n a t e d  by e a c h  
and e v e r y  one  of t h e  c o o r d i n a t i n g  and c o l l a b o r a t i n g  
i n s t i t u t i o n s ;  
6 )  Under take  e x p l i c i t  e f f o r t s  t o  i n v o l v e  o n e  c l i e n t  manage- 
ment agency from t h e  b e g i n n i n g ;  
7 )  A s s i g n  two o r  t h r e e  i n d i v i d u a l s  t o  t a k e  pr ime respon-  
s i b i l i t y  f o r  m a i n t a i n i n g  t h e  network (by t r a v e l ,  t e l e -  
phone and a  r i c h  u s e  o f  t e l e x e s ,  i r r e s p e c t i v e  o f  e x p e n s e ) .  
I d e a l l y ,  t e l e c o p i e s  would b e  more e f f e c t i v e  because  of 
t h e  c o n t i n u o u s  need t o  t r a n s m i t  g r a p h i c  i n f o r m a t i o n .  
The s t y l e  of o p e r a t i o n  should  i n v o l v e  t h e  u s e  o f  t h e s e  
d e v i c e s  a s  one  would u s e  a  v i s i t  t o  a  n e i g h b o r i n g  o f f i c e  
- -both f o r  c a s u a l  c o n t a c t  and f o r  i n t e n s e  working i n -  
t e r a c t i o n .  T h i s  w i l l  r e q u i r e  immense d i s c i p l i n e  and 
commitment; 
8 )  Hold e v e r y  two t o  f o u r  months a  one- t o  two-week i n t e n -  
s i v e  and f o c u s s e d  working s e s s i o n  a t  one  o f  t h e  network 
i n s t i t u t i o n s  t o  c o n s o l i d a t e  p r e v i o u s  work, and t o  g e n e r -  
a t e  d e t a i l e d  t a s k s  and r e s p o n s i b i l i t i e s  f o r  t h e  n e x t  
phase ;  and 
9 )  Be w i l l i n g  t o  s h i f t  t h e  c e n t e r s  o f  c o o r d i n a t i o n  and 
c o n t r o l  a s  t h e  s t e p s  e v o l v e .  
I t  i s  t h i s  s e r i e s  of i n g r e d i e n t s  t h a t  h a s  l e d  t o  a  f i r m  
b a s e  f o r  S t e p  I11 i n  F i g u r e  3. But ,  f o r  S t e p  I11 t o  s u c c e e d ,  
and i n  p a r t i c u l a r  f o r  t h e  s u c c e s s  o f  t h a t  p a r t  a t  t h e  bot tom 
c o n c e n t r a t i n g  on i n t e r n a t i o n a l  t r a n s f e r ,  t h e r e  must b e  r e c o g n i -  
t i o n  of t h e  immense d i f f i c u l t i e s .  
I t  i s  o u r  b i a s  t h a t  t h e s e  d i f f i c u l t i e s  demand i n d i v i d u a l s  
whose t o t a l  t i m e  i s  s p e n t  i n  i n i t i a t i n g ,  m a i n t a i n i n g ,  and 
g e n t l y  g u i d i n g  t h e  network.  They need n o t  b e  s c i e n t i s t s  i n  t h e  
f i e l d ;  b u t  t h e y  must b e  c r e a t i v e  and h i g h l y  p r o f e s s i o n a l .  IIASA 
r e q u i r e s  no more t h a n  t h r e e  t o  f o u r  such  i n d i v i d u a l s  s o  l o n g  a s  
t h e  in -house  s c i e n t i s t s  c a n  b e  used a s  t h e i r  s t a b l e  of c o n s u l -  
t a n t s .  While t h i s  i s  a  n e c e s s a r y  c o n d i t i o n ,  it i s  i n  no way 
s u f f i c i e n t .  Funds a r e  needed--funds t h a t  a r e  s p e c i f i c a l l y  i d e n -  
t i f i e d  t o  p r e v e n t  d i s s o l u t i o n  o f  t h e  network i t s e l f  a s  d i s t i n c t  
from f i n a n c i a l  s u p p o r t  f o r  t h e  work. For  example,  f o r  a  t h r e e -  
month p e r i o d  d u r i n g  S t e p  111, t h e  t e l e x  b i l l  was $3,000.  
None of  t h e  above i s  s c i e n c e .  But i n  a  n a i v e  way, it is  
a  s u g g e s t i o n  t h a t  IIASA c a n  d e v e l o p  a  new a r t - - t h e  a r t  of  s c i e n -  
t i f i c  diplomacy t h a t  w i l l  r e q u i r e  t h e  b e s t  o f  s c i e n t i f i c  p r o j e c t s  
a t  IIASA, p rov ided  t h e r e  i s  someth ing  t o  f e e d  upon. The c e n t r a l  
g o a l  i s  t h e  a r t  i t s e l f .  
I f  f i n a n c i a l  and p o l i t i c a l  c o n s t r a i n t s  p r e v e n t  a  s e r i o u s  
and p r o f e s s i o n a l  development  of t h a t  a r t  t h r o u g h  t h e  ne twork ing  
a p p r o a c h ,  t h e n  a n  e x p l i c i t  a l t e r n a t i v e  p r o p o s a l  i s  i n  o r d e r .  
Figure 1. Networking - Step 1 
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111. CASE STUDIES 
3.1 .  A Case Study of Forest ~cosystems/Pest Management 
C.S. Holling, G.B. Dantzig, C. Baskerville, 
D.D. Jones and W.C. Clark 
1. Introduction 
The Boreal Forests of North America have, for centuries, 
experienced periodic outbreaks of a defoliating insect called 
the Spruce Budworm. In any one outbreak cycle a major propor- 
tion of the mature softwood forest in affected areas can die, 
with major consequences to the economy and employment of regions 
such as New Brunswick that are highly dependent on the forest 
industry. An extensive insecticide spraying programme initiated 
in New Brunswick in 1951 has succeeded in minimizing tree mor- 
tality, but at the price of maintaining incipient outbreak con- 
ditions over an area considerably more extensive than in the 
past. The present management approach is therefore sensitive 
to unexpected shifts in economic, social and regulatory con- 
straints, and to unanticipated behaviour of the forest eco- 
system. 
Most major environmental problems in the world today are 
characterized by similar basic ingredients: high variability 
in space and time, large scale, and a troubled management his- 
tory. Because of the enormous complexity of these problems, 
there has been little concerted effort to apply systems analy- 
sis techniques to the coordinated development of effective 
descriptions of, and prescriptions for, these problems. The 
budworm-forest system seemed to present an admirable focus for 
a case study with two objectives. The first was to attempt to 
develop sets of alternate policies appropriate for the specific 
problem. The second, more significant objective was to see how 
far we could stretch the state of the art capabilities in ecology, 
modelling, optimization, policy design and evaluation to apply 
them to complex ecosystem management problems. 
Three principal issues in any resource environmental prob- 
lem challenge existing techniques. First, the resources that 
provide the food, fibre and recreational opportunities for 
society are integral parts of ecosystems characterized by complex 
interrelationships of species among themselves and with the land, 
water and climate in which they live. The interactions of these 
systems are highly non-linear and have a significant spatial 
component. Events in any one point in space, as at any moment 
of time, can affect events at other points in space and time. 
The resulting high order of dimensionality becomes all the more 
significant as these ecological systems couple with complex 
socio-economic systems. 
The second prime challenge is that we have only partial 
knowledge of the variables and relationships governing the sys- 
tems. A large body of theoretical and experimental analyses and 
data has led to an identification of the general form and kind 
of functional relations existing among organisms. Only occa- 
sionally is there a rich body of data specific to any one situa- 
tion. To develop an analysis that implicitly or explicitly pre- 
sumes sufficient knowledge is therefore to guarantee management 
policies that become more the source of the problem than the 
source of the solution. In a particularly challenging way, 
present ecological management situations require concepts and 
techniques that cope creatively with the uncertainties and un- 
knowns that in fact pervade most of our major social, economic 
and environmental problems. 
The third challenge reflects the previous two: How can we 
design policies that achieve specific social objectives and are 
still "robust"? Once policies are set in play, they produce 
intelligently linked ecological, social and economic systems 
that can absorb the inevitable unexpected events and the un- 
known. These "unexpecteds" might be the "one in a thousand 
years" drought that perversely occurs this year, the appearance 
or disappearance of key species, the emergence of new economic 
and regulatory constraints, or the shift of societal objectives. 
We must learn to design in a way that shifts our emphasis away 
from minimizing the probability of failure toward minimizing 
the cost of those failures that will inevitably occur. 
2,  The Descriptive Analysis 
The descriptive analysis of the budworm-forest system aims 
at producing a well validated simulation model that could be 
used as a laboratory world to aid in the design and evaluation 
of alternate policies. The key requirement of that laboratory 
world is that it capture the essential qualitative behaviour of 
the budworm forest ecosystem in both space and time. Extensive 
data concerning forest-pest and economic interrelations had been 
collected by Environment Canada over the past thirty years, as 
one of the earliest interdisciplinary efforts in the field of 
renewable resource management. There are many missing elements, 
but this is an inevitability rather than a draw-back. If sys- 
tems analysis is to be applied successfully to the management 
of ecological systems, it must be able to cope with the unknown. 
The essential qualitative behaviour in time has been iden- 
tified through an analysis of tree ring studies. Four outbreaks 
have been detected in Eastern Canada since 1770 (Figure I), each 
lasting seven to sixteen years, with a thirty-four to seventy- 
two-year period between them. During the interim periods, the 
budworm is present in barely detectable densities; however, when 
appropriate conditions occur, these densities can increase ex- 
plosively over four orders of magnitude during a three- to four- 
year period. 
The d i s t i n c t i v e  p a t t e r n  i n  t i m e  i s  p a r a l l e l e d  by one i n  
s p a c e .  The h i s t o r i c a l  o u t b r e a k s  i n i t i a t e d  i n  o n e ,  t h r e e  o r  
f o u r  l o c a l  a r e a s  o f  E a s t e r n  Canada, and from t h e s e  a r e a s  s p r e a d  
t o  and con tamina ted  p r o g r e s s i v e l y  l a r g e r  a r e a s .  C o l l a p s e  o f  t h e  
o u t b r e a k s  o c c u r r e d  i n  t h e  o r i g i n a l  a r e a s  o f  i n f e s t a t i o n  i n  con- 
j u n c t i o n  w i t h  m o r t a l i t y  of  t h e  t r e e s ,  and s i m i l a r l y  s p r e a d  t o  
t h e  a r e a s  i n f e s t e d  a t  l a t e r  t i m e s .  The r e s u l t i n g  h i g h  d e g r e e  
o f  s p a t i a l  h e t e r o g e n e i t y  i n  t h e  f o r e s t  a g e  and s p e c i e s  composi- 
t i o n  i s  c l o s e l y  c o u p l e d  t o  t h e  " c o n t a m i n a t i o n "  f e a t u r e  c a u s e d  
by t h e  h i g h  d i s p e r s a l  p r o p e r t i e s  o f  t h i s  i n s e c t .  
The e s s e n t i a l  f i r s t  s t e p  i n  t h e  dynamic d e s c r i p t i o n  o f  
t h i s  s y s t e m  i s  a  pars imonious  bounding o f  t h e  problem i n  t e r m s  
o f  p r ime  v a r i a b l e s ,  s p a c e  and t i m e .  The p r o c e s s  of  bounding 
t h e  problem from t h e  s t a r t  of  t h e  a n a l y s i s  i s  a  key a c t i v i t y .  
A l l  o t h e r  s t e p s  i n  t h e  a n a l y s i s  f l o w  from t h e s e  d e c i s i o n s  t h a t  
p r o f o u n d l y  i n f l u e n c e  t h e  f i n a l  form and r e l e v a n c e  o f  t h e  p o l i -  
cies. The key r e q u i r e m e n t  i n  bounding t h e  problem i n  s p a c e ,  
t i m e  and v a r i a b l e s  is  t o  r u t h l e s s l y  s i m p l i f y  w h i l e  s t i l l  r e t a i n -  
i n g  t h e  e s s e n t i a l  p r o p e r t i e s  of  t h e  s y s t e m ' s  b e h a v i o u r  t o  meet 
management needs .  
Bounding Time 
Because o f  t h e  p a t t e r n  o f  o u t b r e a k s  shown i n  F i g u r e  1 ,  t h e  
minimum t i m e  h o r i z o n  o f  150 t o  200 y e a r s  i s  r e q u i r e d  t o  c o n t a i n  
two o u t b r e a k s .  A t i m e  r e s o l u t i o n  o f  one  y e a r  w i t h  s e a s o n a l  
e v e n t s  i m p l i c i t l y  r e p r e s e n t e d  i s  needed i n  o r d e r  t o  c a p t u r e  t h e  
dynamics  of  t h i s  sys tem.  
Bounding i n  Space 
As i n  many p e s t  s p e c i e s ,  t h e  budworm d i s p e r s e s  o v e r  l o n g  
d i s t a n c e s .  The modal d i s t a n c e  of  d i s p e r s a l  i s  a b o u t  f i f t y  m i l e s  
f rom o n e  s i te ,  a l t h o u g h  d i s p e r s a l  d i s t a n c e s  o f  s e v e r a l  hundred 
m i l e s  have a l s o  been  r e c o r d e d .  For  t h i s  s t u d y ,  w e  t h o u g h t  it 
e s s e n t i a l  t o  have  a  minimum t o t a l  a r e a  o f  a t  l e a s t  t w i c e  t h i s  
modal d i s t a n c e ,  l e a d i n g  t o  a  minimum model led r e g i o n  o f  14,000 
t o  15,000 s q u a r e  m i l e s .  W e  s e l e c t e d  a  17,000 s q u a r e  m i l e  a r e a  
t h a t  c o n t a i n s  much o f  t h e  P r o v i n c e  of  New B r u n ~ w i c k  ( F i g u r e  2 ) .  
But e v e n t s  even i n  a n  a r e a  o f  t h i s  s i z e  a r e  p r o f o u n d l y  a f f e c t e d  
by c o n t a g i o n  from o u t s i d e  it. I t  was t h e r e f o r e  n e c e s s a r y  t o  
add a  b u f f e r  zone of  an  a p p r o x i m a t e  w i d t h  of  s e v e n t y - f i v e  m i l e s  
around t h e  a r e a  i n  o r d e r  t o  compensate  f o r  edge e f f e c t s .  The 
b e h a v i o u r  of  t h i s  s y s t e m  i s  a s  h i g h l y  h e t e r o g e n e o u s  i n  s p a c e  a s  
it i s  i n  t i m e ,  and b e c a u s e  o f  t h e  c o n t a g i o n  problem s p a t i a l  
d i s a g g r e g a t i o n  i s  e s s e n t i a l .  There  i s  h i g h  v a r i a t i o n  i n  t h e  
s p a t i a l  d i s t r i b u t i o n  of t h e  p r i m a r y  tree s p e c i e s ,  o f  h a r v e s t i n g  
a c t i v i t i e s  and of  r e c r e a t i o n a l  p o t e n t i a l ,  i n  p a r t  a s  a  conse-  
quence  of  t h e  h i s t o r i c a l  i n t e r p l a y  between t h e  f o r e s t  and t h e  
budworm. The f i f t y  m i l e  modal d i s p e r s a l  d i s t a n c e  a l s o  s u g g e s t s  
a  minimum r e s o l u t i o n  o f  a b o u t  o n e - f i f t h  t o  a b o u t  o n e - t e n t h  o f  
t h a t  d i s t a n c e .  Hence t h e  o v e r a l l  a r e a  i s  d i v i d e d  i n t o  265 d i s -  
t i n c t  s i x  by n i n e  m i l e  s u b r e g i o n s  ( F i g u r e  3 ) .  
Bounding V a r i a b l e s  
An ecosys tem o f  t h i s  e x t e n t  h a s  many t h o u s a n d s  of s p e c i e s  
and p o t e n t i a l  v a r i a b l e s .  S i n c e  o u r  u n d e r s t a n d i n g  of  t h e  domi- 
n a n t  budworm-forest dynamics  i s  s u f f i c i e n t l y  d e t a i l e d ,  t h e  
s y s t e m ' s  r e l e v a n t  b e h a v i o u r  c a n  b e  c a p t u r e d  t h r o u g h  t h e  i n t e r -  
r e l a t i o n s  among f i v e  s p e c i e s ,  each  of  which r e p r e s e n t s  a  key 
r o l e  i n  d e t e r m i n i n g  t h e  major  dynamics  o f  t h e  f o r e s t  ecosys tem 
and i t s  r e s u l t i n g  d i v e r s i t y .  These key v a r i a b l e s  a r e  summarized 
i n  F i g u r e  4 .  
The p r i n c i p a l  tree s p e c i e s  a r e  b i r c h ,  s p r u c e  and balsam.  
I n  t h e  a b s e n c e  o f  budworm and i t s  a s s o c i a t e d  n a t u r a l  enemies ,  
ba l sam t e n d s  t o  out-compete  s p r u c e  and b i r c h ,  and s o  would t e n d  
t o  p roduce  a  monocul tu re  of  balsam.  However, budworm s h i f t s  
t h a t  c o m p e t i t i v e  edge  s i n c e  ba l sam i s  most s u s c e p t i b l e  t o  damage, 
s p r u c e  less s o ,  and b i r c h  n o t  a t  a l l .  Thus t h e r e  i s  a  dynamic 
rhythm, w i t h  balsam h a v i n g  t h e  a d v a n t a g e  between o u t b r e a k s ,  and 
s p r u c e  and b i r c h  d u r i n g  o u t b r e a k s .  The r e s u l t  is  a  d i v e r s e  
s p e c i e s  mix. 
A s  n o t e d  e a r l i e r ,  t h e  budworm i s  r a r e  b u t  n o t  e x t i n c t  
between o u t b r e a k s .  I ts  numbers a r e  c o n t r o l l e d  by i t s  n a t u r a l  
enemies  s u c h  a s  i n s e c t i v o r o u s  b i r d s  and p a r a s i t e s .  A key f e a -  
t u r e  o f  t h i s  c o n t r o l  is  t h a t  t h e r e  e x i s t s  a n  upper  t h r e s h o l d  
o f  budworm numbers t h a t ,  once  exceeded ,  a l l o w s  t h e  budworm t o  
" e s c a p e "  p r e d a t i o n  and m u l t i p l y  unchecked.  I n  o t h e r  words ,  
t h e r e  i s  a  d i s t i n c t  b u t  l i m i t e d  s t a b i l i t y  r e g i o n  a t  low budworm 
d e n s i t i e s .  
I n  a d d i t i o n  t o  t ree s p e c i e s  and n a t u r a l  enemies ,  t h e r e  i s  
a  key s t o c h a s t i c  d r i v i n g  v a r i a b l e - - w e a t h e r - - t h a t  a f f e c t s  s u r v i v a l  
o f  t h e  budworm and c a n  f l i p  t h e  sys tem o u t  of  t h e  low d e n s i t y  
s t a b i l i t y  r e g i o n ,  p r o v i d e d  f o r e s t  c o n d i t i o n s  a r e  a p p r o p r i a t e .  
Outbreaks  c a n n o t  o c c u r  u n l e s s  t h e  f o r e s t  h a s  s u f f i c i e n t l y  re- 
c o v e r e d  from t h e  p r e v i o u s  o u t b r e a k  t o  p r o v i d e  a d e q u a t e  f o o d .  
Even where t h e  food c o n d i t i o n s  have  been m e t ,  t h e  budworm re- 
mains a t  low d e n s i t i e s  c o n t r o l l e d  by n a t u r a l  enemies  u n t i l  t h e  
w e a t h e r  s h i f t s  t o  s u c c e s s i v e  y e a r s  of  warm d r y  summers. Such 
c o n d i t i o n s  a l l o w  l a r v a e  t o  d e v e l o p  s o  r a p i d l y  t h a t  d e n s i t i e s  
above  t h e  e s c a p e  t h r e s h o l d  a r e  a c h i e v e d .  An o u t b r e a k  i s  t h e n  
i n e v i t a b l e ,  r e g a r d l e s s  o f  w e a t h e r .  
I n  summary, t h e  d e c i s i o n s  on bounding t h e  problem a r e  a s  
f o l l o w s  : 
Time h o r i z o n  - 150-200 y e a r s ;  
Time r e s o l u t i o n  - o n e  y e a r  w i t h  s e a s o n a l  c a u s a t i o n ;  
S p a t i a l  a r e a  - 17,000 s q u a r e  m i l e s ;  
S p a t i a l  r e s o l u t i o n  - 265 s i x -  by n ine-  m i l e  s u b r e g i o n s ;  
Key v a r i a b l e s  t o  - i d e a l l y ,  t h r e e  t ree s p e c i e s ,  
c a p t u r e  behav iour  budworm, n a t u r a l  enemies  and 
w e a t h e r .  
T h i s  bounding of  t h e  problem immedia te ly  d e t e r m i n e s  t h e  
number o f  s t a t e  v a r i a b l e s ,  which i n  t u r n  a f f e c t  t h e  d e c i s i o n s  
a b o u t  s u b s e q u e n t  a n a l y t i c  s t e p s  s u c h  a s  o p t i m i z a t i o n .  Even 
though  t h e  p r e v i o u s  s t e p s  o f  bounding s e e m  t o  have l e d  t o  a  
h i g h l y  s i m p l i f i e d  r e p r e s e n t a t i o n ,  t h e  number o f  s t a t e  v a r i a b l e s  
g e n e r a t e d  i s  s t i l l  enormous. F o r  t h i s  i d e a l  c o n d i t i o n ,  T a b l e  1  
summarizes t h e  minimum number o f  s t a t e  v a r i a b l e s  n e c e s s a r y  t o  
r e p r e s e n t  t h e  e s s e n t i a l  b e h a v i o u r  o f  t h e  sys tem i n  s p a c e  and 
t i m e .  I n  any o n e  s u b r e g i o n  107 s t a t e  v a r i a b l e s  a r e  r e q u i r e d ;  
f o r  t h e  265 s u b r e g i o n s ,  a s  a  whole ,  a  t o t a l  o f  107 x 265, o r  
28,355 s t a t e  v a r i a b l e s  a r e  r e q u i r e d .  Even t h i s  d r a s t i c  s i m p l i -  
f i c a t i o n  accompl i shed  th rough  t h e  bounding e x e r c i s e  l e a v e s  a n  
i m p o s s i b l e  number o f  s t a t e  v a r i a b l e s ,  t h u s  demanding f u r t h e r  
s i m p l i f i c a t i o n .  It would b e  p o s s i b l e  t o  d e v e l o p  a  s i m u l a t i o n  
model w i t h  t h i s  number o f  s t a t e  v a r i a b l e s .  However, t h i s  would 
b e  e x p e n s i v e  and t i m e  consuming t o  r u n  and debug.  Our key g o a l  
i s  t o  p r o v i d e  a  u s e a b l e  and w e l l  t e s t e d  model f o r  e x p l o r i n g  
b e h a v i o u r  and p o l i c y  a l t e r n a t e s .  With such  a  h i g h  dimension-  
a l i t y ,  t h e  model would become n e a r l y  a s  i n c o m p r e h e n s i b l e  a s  t h e  
r e a l  wor ld  and t h e  o p p o r t u n i t i e s  f o r  s y s t e m a t i c  e x p l o r a t i o n  
would b e  g r e a t l y  reduced .  
A s  a  consequence ,  a  s y s t e m a t i c  series o f  f u r t h e r  compres- 
s i o n s  and tests w e r e  made t o  d e t e r m i n e  whether  t h e  number o f  
s t a t e  v a r i a b l e s  c o u l d  be s i g n i f i c a n t l y  reduced .  T h i s  l e d  t o  
f o u r  p r ime  v a r i a b l e s :  tree d e n s i t y ,  f o l i a g e  c o n d i t i o n ,  budworm 
d e n s i t y ,  and w e a t h e r .  The tree d e n s i t y  a c t u a l l y  had t o  b e  r e p -  
r e s e n t e d  by s e v e n t y - f i v e  s t a t e  v a r i a b l e s  a s s o c i a t e d  w i t h  tree 
a g e ,  b u t  t e c h n i q u e s  were deve loped  t o  c o l l a p s e  t h e s e  i n t o  one  
s t a t e  v a r i a b l e  f o r  d e s c r i p t i v e  p u r p o s e s .  The e f f e c t s  of  a l l  
o t h e r  v a r i a b l e s  c a n  b e  i n c o r p o r a t e d  i m p l i c i t l y  s o  t h a t  t h i s  
u l t i m a t e  compress ion  r e q u i r e s  e s s e n t i a l l y  f o u r  s t a t e  v a r i a b l e s  
p e r  s i t e  o r  1 ,060 f o r  t h e  r e g i o n .  
The Model 
The b a s i c  form o f  t h e  model s t r u c t u r e  i s  shown i n  F i g u r e  5 .  
Budworm r e p r o d u c t i o n  and s u r v i v a l ,  f o r e s t  r e s p o n s e ,  and c o n t r o l  
p o l i c i e s  a r e  i n d e p e n d e n t  f o r  e a c h  o f  t h e  265 s i t e s .  D i s p e r s a l  
o c c u r s  once  e a c h  y e a r  among t h e  s i t e s ,  and t h e  p r o c e s s  i s  r e -  
p e a t e d  f o r  t h e  n e x t  s i m u l a t e d  y e a r .  The budworm and f o r e s t  
r e s p o n s e  models  were  deve loped  from t h e  e x t e n s i v e  s e t  of  d a t a  
c o l l e c t e d  by Environment Canada o v e r  t h e  p a s t  t h i r t y  y e a r s .  
Many of  t h e  component p r o c e s s e s  such  a s  growth and r e p r o d u c t i o n  
have been  examined i n  e x t e n s i v e  d e t a i l  by M o r r i s  e t  a l .  [ 3 ] ,  
u s i n g  m u l t i - v a r i a t e  s t a t i s t i c a l  p r o c e d u r e s .  There  a r e  t h r e e  
c r i t i c a l  p r o c e s s e s  t h a t  a r e  n o t  c l e a r l y  u n d e r s t o o d  a t  p r e s e n t  
and f o r  which t h e r e  is ,  a t  b e s t ,  q u a l i t a t i v e  i n f o r m a t i o n .  These 
t h r e e  a r e a s  o f  semi-knowns a r e :  t h e  e f f e c t  o f  n a t u r a l  enemies  
a t  low d e n s i t i e s  o f  t h e  i n s e c t ;  t h e  d e t a i l e d  r e s p o n s e  o f  t r e e s  
t o  d e f o l i a t i o n ;  and t h e  s p e c i f i c s  o f  d i s p e r s a l .  S i n c e  t h i s  
problem of  g r a p p l i n g  e f f e c t i v e l y  w i t h  s u b s t a n t i v e  unknowns i s  
c e n t r a l  t o  any s u c c e s s f u l  a n a l y s i s  of  e c o l o g i c a l  p rob lems ,  con- 
s i d e r a b l e  e f f o r t  was s p e n t  i n  d e v e l o p i n g  a  f o r m a l  p r o c e d u r e  t o  
T a b l e  1 .  The s t a t e  v a r i a b l e s  emerging f rom 
t h e  bounding of t h e  problem.  
I d e a l  Number o f  S t a t e  V a r i a b l e s  
I n  o n e  s u b r e g i o n  
B i r c h  
Spruce  by a g e  
Balsam by a g e  
Budworm 
N a t u r a l  enemies  
Weather 
T r e e  s t r e s s  
F o l i a g e  new 
F o l i a g e  o l d  
r e t a i n s  memory 
1 ' I  
Number o f  s t a t e  v a r i a b l e s  
p e r  s u b r e g i o n  107 
T o t a l  number o f  s t a t e  
v a r i a b l e s  i n  a l l  265 
s u b r e g i o n s  
cope  w i t h  such  u n c e r t a i n t i e s .  Moreover,  t h e s e  t h r e e  p a r t i c u l a r  
a r e a s  o f  u n c e r t a i n t y  a r e  t y p i c a l  o f  many s i t u a t i o n s .  R a r e ly ,  
f o r  example,  is  t h e r e  much d e t a i l e d  i n f o r ma t ion  abou t  e v e n t s  
where t h e  number of organisms i s  v e r y  s m a l l .  Nor i s  t h e r e  o f t e n  
much knowledge conce rn ing  v e r y  s low p r o c e s s e s  such  a s  t h o s e  
involved  i n  t r e e  r e sponse s .  F i n a l l y ,  d i s p e r s a l  o c c u r s  ove r  such  
l a r g e  a r e a s  t h a t  o n l y  r e c e n t  a p p l i c a t i o n  of  r a d a r  t echnology  ha s  
made it p o s s i b l e  t o  d e f i n e  and q u a n t i f y  t h e  form and magnitude 
of s p a t i a l  con t ag ion .  We know t h a t  e ach  of t h e s e  t h r e e  s o u r c e s  
of u n c e r t a i n t y  i s  c r i t i c a l  i n  de t e r min ing  a s p e c t s  of renewable  
r e s o u r c e  sys tems  behaviour  t h a t  have been t roublesome i n  p a s t  
e f f o r t s  of env i ronmenta l  management. 
The e c o l o g i c a l  l i t e r a t u r e  c o n t a i n s  a  r i c h  body of e x p e r i -  
menta l  and t h e o r e t i c a l  a n a l y s e s  of key e c o l o g i c a l  p r o c e s s e s .  
These a n a l y s e s  have l e d  t o  t h e  i d e n t i f i c a t i o n  of c l a s s e s  of 
i n t e r a c t i o n s ,  e ach  c h a r a c t e r i z e d  by a  s p e c i f i c  f a m i l y  of mathe- 
m a t i c a l  e q u a t i o n s .  For  example, p r e d a t o r s  d i s p l a y  a  set of 
r e s p o n s e s  t o  p r ey  o r  t o  h o s t  s p e c i e s  t h a t  f a l l  i n t o  n i n e  pr imary  
c l a s s e s .  Not on ly  i s  each  of t h e s e  c l a s s e s  d e f i n e d  by a  s p e c i f -  
i c  f a m i l y  of f u n c t i o n a l  r e l a t i o n s ,  b u t  t h e  b i o l o g i c a l  a t t r i b u t e s  
f o r  e a ch  c l a s s  have a l s o  been s u f f i c i e n t l y  w e l l  i d e n t i f i e d .  
Q u a l i t a t i v e  i n f o r m a t i o n  u s u a l l y  makes it p o s s i b l e  t o  a s s i g n  a 
s p e c i f i c  example t o  t h e  a p p r o p r i a t e  g e n e r a l  c l a s s .  
T h i s  work p r o v i d e s  u s  w i t h  a  t h e o r e t i c a l  framework f o r  
m o b i l i z i n g  t h e  e x i s t i n g  i n f o r m a t i o n ,  however s p a r s e ,  i n  a  way 
t h a t  w e  c a n  proceed i n  a  series of s t e p s  t h a t  g r a d u a l l y  d e f i n e  
a  nar rower  r a n g e  of p o s s i b l e  r e l a t i o n s .  Once t h e  c l a s s e s  of 
r e s p o n s e s  c h a r a c t e r i z i n g  s p e c i f i c  s i t u a t i o n s  have been i d e n t i -  
f i e d ,  it i s  n e c e s s a r y  t o  p a r a m e t e r i z e  them. Even i n  t h e  wor s t  
o f  c i r c u m s t a n c e s ,  i n f a r m a t i o n  u s u a l l y  e x i s t s  t o  pe r mi t  rough 
s p e c i f i c a t i o n s  of t h e  pa r ame te r s ,  l e a d i n g  t o  t h e  d e f i n i t i o n  of 
a  maximum p o s s i b l e  r ange  f o r  e ach  of  t h e  r e s pons e  c l a s s e s .  
The f i n a l  s t e p  i s  t o  c y c l e  t h e s e  p o s s i b l e  r e l a t i o n s h i p s  
t h rough  t h e  f u l l  s i m u l a t i o n  model i n  o r d e r  t o  d e f i n e  a  " f e a s i b l e  
range1 '  of forms t h a t  r e s u l t  i n  r e t a i n i n g  t h e  known q u a l i t a t i v e  
be ha v i o u r  of t h e  system. At t h a t  p o i n t ,  informed judgement c a n  
i n f o r m a l l y  s e l e c t  a  " s t a n d a r d "  r e l a t i o n s h i p  f o r  u s e .  A l t e r na -  
t i v e l y ,  a n  o rgan i zed  a p p l i c a t i o n  of d e c i s i o n  t h e o r y  c a n  a s s i g n  
s u b j e c t i v e  p r o b a b i l i t i e s  and s o  g e n e r a t e  a  r ange  of  p o s s i b l e  
outcomes. 
The key p o i n t  of t h i s  e x e r c i s e  i s  t o  d i r e c t l y  f a c e  t h e  
r e a l i t y  o f  unknowns and t o  r e c o g n i z e  t h a t  an  o r gan i zed  approach 
i n  d e a l i n g  w i t h  them can  p r o v i d e  r e a s o n a b l e  s o l u t i o n s  t h a t  w i l l  
a l l o w  t h e  p o l i c y  d e s i g n  p r o c e s s  t o  proceed;  a t  t h e  same t i m e  it 
c a n  p r o v i d e  c l e a r  and s p e c i f i c  p r i o r i t i e s  f o r  f u t u r e  r e s e a r c h .  
A  dynamic d e s c r i p t i v e  model o f  t h e  s o r t  d e s c r i b e d  h e r e  i s  
u s e l e s s  f o r  p r e s c r i p t i o n  u n l e s s  it p r e s e n t s  o p p o r t u n i t i e s  f o r  
meaningfu l  management i n t e r v e n t i o n  by p o l i c y  a c t i o n s .  There  a r e  
two main c l a s s e s  of p o l i c y  a c t i o n  p o s s i b l e :  one r e l a t i n g  t o  
c o n t r o l  of t h e  budworm; and one r e l a t i n g  t o  management o f  t h e  
f o r e s t .  
These a r e  s t r u c t u r e d  i n  broad te rms  a l l o w i n g  f o r  t h e  exp lo r a -  
t i o n  of i n s e c t i c i d e  c o n t r o l  o f  budworm a s  w e l l  a s  f o r  b i o l o g i c a l  
and o t h e r  c o n t r o l  methods. S i m i l a r l y ,  t h e  f o r e s t  management 
p o l i c y  c a n  i n c l u d e  s p e c i f i c  a c t i o n s  of  c u t t i n g  by age  i n  d i f f e r -  
e n t  r e g i o n s  o f  t h e  f o r e s t  and ,  a t  l e a s t  i m p l i c i t l y ,  a  v a r i e t y  o f  
s i l v i c u l t u r a l  and t r e e  b r e e d i n g  a c t i o n s .  The model i s  s t r u c t u r e d  
t c  accommodate a  wide r ange  o f  p o s s i b l e  a c t i o n s ;  however,  f o r  
t h e  purpose  o f  t h i s  c a s e  s t u d y ,  a t t e n t i o n  was l a r g e l y  d i r e c t e d  
toward budworm c o n t r o l  u s i n g  i n s e c t i c i d e s  o r  b a c t e r i a l  a g e n t s  
and toward f o r e s t  management u s i n g  d i f f e r e n t  t e c h n i q u e s  of  
s c h e d u l i n g  c u t t i n g  i n  s p a c e ,  t ime  and by tree age .  
Model V a l i d a t i o n  
V a l i d a t i o n  of  an e c o l o g i c a l  model i s  always d i f f i c u l t .  I n  
t h i s  example,  a  s t a t i s t i c a l l y  r i g o r o u s  v a l i d a t i o n  would r e q u i r e  
d e t a i l e d  h i s t o r i c a l  i n f o r m a t i o n  abou t  a l l  o f  t h e  s t a t e  v a r i a b l e s  
o v e r  a  l a r g e  s p a t i a l  a r e a  and c o v e r i n g  a  long  p e r i o d  o f  t ime  
( a t  l e a s t  s e v e n t y  t o  1 5 0  y e a r s ) .  Only i n  t h a t  way cou ld  t h e  
f u l l  dynamic i n t e r p l a y  of  t h e  sys tem over  t ime  and s pace  be  
a d e q u a t e l y  t e s t e d .  The budworm c a s e  i s  r a r e  i n  t h a t  such  d a t a  
a r e  i n  f a c t  a v a i l a b l e  f o r  a  t h i r t y - y e a r  p e r i o d ;  b u t  t h a t  i s  
s c a r c e l y  long  enough t o  i n s t i l l  a  profound con f idence  i n  t h e  
model. Our p r e s e n t  v a l i d a t i o n  approach h a s  t h e r e f o r e  been t o  
combine a  q u a n t i t a t i v e  comparison of s t a t e  v a r i a b l e  v a l u e s  over  
t h e  p e r i o d  f o r  which d e t a i l e d  h i s t o r i c a l  d a t a  a r e  a v a i l a b l e ,  
w i t h  a  q u a l i t a t i v e  comparison o f  g r o s s  b e h a v i o u r a l  p r o p e r t i e s  
( e . g :  mean ou tb r eak  d e n s i t i e s  and v a r i a n c e s ,  l e n g t h  of i n t e r -  
and ~ n t r a - o u t b r e a k  p e r i o d s )  f o r  t h e  l onge r  t e r m  ( F i g u r e  6A). 
T h i s  f i g u r e  shows a  series o f  computer drawn maps g e n e r a t e d  by 
t h e  s i m u l a t i o n  model,  showing on t h e  v e r t i c a l  a x i s  t h e  d e n s i t y  
o f  budworm eggs  over  a  f i f t y - f o u r  y e a r  p e r i o d .  Two o u t b r e a k  
sequences  a r e  covered ,  and t h e  e s s e n t i a l  p a t t e r n  of  t h e s e  p r e -  
d i c t i o n s  ha s  been conf i rmed by h i s t o r i c a l  d a t a  from New Brunswick 
and from e l s ewhe re  i n  E a s t e r n  Canada. 
I n  summary, t h e  d e s c r i p t i v e  a n a l y s i s  l e d  t o  t h e  development 
o f  a  dynamic s i m u l a t i o n  model t h a t  cou ld  d e s c r i b e  t h e  behaviour  
o f  t h e  f o r e s t / p e s t  ecosystem i n  s p a c e  and t i m e ,  w i t h  oppo r tun i -  
t i e s  f o r  i n t e r v e n t i o n  w i t h  a  v a r i e t y  o f  management a c t s .  I t  
p r o v i d e s  a  l a b o r a t o r y  world i n  which t h e  consequences  of  a  
v a r i e t y  o f  a l t e r n a t e  p o l i c i e s  c a n  be e x p l o r e d ,  and c o n s t i t u t e s  
t h e  e s s e n t i a l  b a s e  f o r  t h e  p r e s c r i p t i v e  a n a l y s i s .  
3 .  The P r e s c r i p t i v e  A n a l y s i s  
The g o a l  of t h e  p r e s c r i p t i v e  a n a l y s i s  i s  t o  p r ov ide  a  
management t o o l  t h a t  c a n  a i d  i n  p o l i c y  d e s i g n  and e v a l u a t i o n .  
There  a r e  t h r e e  p a r t s  t o  t h e  a n a l y s i s  a s  w e  implemented it: 
1 )  t h e  d e f i n i t i o n  of a  s t r a t e g i c  r ange  of  management o b j e c t i v e s ;  
2 )  t h e  a p p l i c a t i o n  of  o p t i m i z a t i o n  t e c h n i q u e s  t o  deve lop  p o l i c y  
r u l e s  f o r  each  of  t h e  o b j e c t i v e s ;  and 3 )  t h e  development  o f  a  
framework t o  b road ly  e v a l u a t e  t h e  consequences of e ach  of  t h e  
p o l i c y  r u l e s  i n  t e r m s  of  a  wide r a n g e  of p o t e n t i a l  management 
g o a l s .  
Strategic Range of Objectives 
The uncertainties and unknowns in describing an ecological 
system are trivial compared to the ambiguities in defining 
societal objectives. The objectives that appear clear at any 
moment can shift dramatically, as testified to by the recent 
concern for environmental issues. Moreover, as has been dis- 
covered by the water resource planners in particular, even the 
best of policy analyses can founder on unrecognized or hidden 
public objectives. Since social objectives are hidden, ambig- 
uous, conflicting, and otherwise indefinite, the analyses rarely 
can accommodate them satisfactorily. Hence they become uncom- 
fortable, intrusive and divisive issues of confrontation. 
In response to this essential ambiguity of objectives, we 
felt it essential to identify a strategic range of objectives 
containing a systematic spectrum of plausible and not-so-plausbile 
management goals. Any specific example drawn from that spectrum 
was initially considered only as a touch-stone and in no sense 
a realistic or desired objective. Again, our aim was to provide 
a tool for articulating and exploring alternatives, not to pro- 
vide a predictor of prepackaged social goals. The strategic 
range, as we conceive it, covers at one extreme objectives that 
attempt to achieve long-term profit maximization, and to minimize 
probabilities of failure. At the other extreme, and equally 
unrealistic, the objectives seek more to retain the dynamic 
variability of the system in ways less sensitive to ecological 
surprise or to changes in social and economic goals. These 
latter objectives attempt to achieve systems that are resilient 
or robust; that work with the dynamic rhythm of the system rather 
than against it. If the first extreme represents the goal of 
a fail-safe world, the latter represents one that is "safe in 
failure". 
Five strategic touch-stones of this kind were defined as 
follows: 
1 )  Unconstrained profit maximization; 
2) Constrained profit maximization, where the maximum 
processing capacity of the existing logging industry 
sets constraints; 
3) Recreation maximization, acting as an additional con- 
straint on 2 above; 
4) Budworm minimization, replacing the spraying policy 
of 3 above with alternate methods of forest management 
and budworm control; and 
5) Variability transformation, operating independently of 
2 above, in which the goal is to transform the high 
temporal variability (that causes a boom and a bust 
situation for employment and the forest industry) to 
spatial variability. The goal in this extreme is to 
develop a forest ecosystem where the budworm can be used 
as a forest manager, and where the essential dynamic 
interplay of natural forces is retained. 
Two a d d i t i o n a l  p o l i c i e s  a r e  e x p l o r e d :  one  o f  "no manage- 
ment";  and one  of " h i s t o r i c a l  management". T h i s  p roduces  a  
t o t a l  s t r a t e g i c  a r r a y  o f  seven  a l t e r n a t e  o b j e c t i v e s  t h a t ,  a f t e r  
e v a l u a t i o n  and compar i son ,  c a n  be m o d i f i e d ,  combined and r e f i n e d  
a s  s t a r t i n g  p o i n t s  f o r  a  p o l i c y  d e s i g n  d i a l o g u e  w i t h  managers  
and s p e c i f i c  i n t e r e s t  g r o u p s .  
O p t i m i z a t i o n  
Given a  r a n g e  o f  o b j e c t i v e s ,  t h e  n e x t  s t e p  i s  t o  s p e c i f y  
ways o f  combining a v a i l a b l e  management a c t i o n s  w i t h  sets o f  
p o l i c y  r u l e s  a p p r o p r i a t e  f o r  t h e i r  r e a l i z a t i o n .  S i m u l a t i o n  
gaming, a t  a n  e a r l y  s t a g e ,  i s  a  u s e f u l  e x e r c i s e  f o r  h e u r i s t i c a l l y  
e x p l o r i n g  t h e  p o s s i b l e  consequences  o f  d i f f e r e n t  management a c t s .  
Even a f t e r  more f o r m a l  o p t i m i z a t i o n  p r o c e d u r e s  have  s u g g e s t e d  
s p e c i f i c  r u l e s ,  gaming c a n  s t i l l  b e  a  r i c h  env i ronment  f o r  
d i a l o g u e .  But t h e  immense v a r i e t y  o f  d i f f e r e n t  ways o f  combining 
a c t s  i n  s p a c e  and t i m e  demands more s t r u c t u r e d  p r o c e d u r e s  a s  
w e l l .  F i g u r e  6B is  a n  example of a  gaming s i m u l a t i o n  r u n .  
The approach  we have  t a k e n  i s  t o  r e g a r d  t h e  s i m u l a t o r  a s  
a  means o f  b r i n g i n g  t h e  r e a l  wor ld  i n t o  t h e  l a b o r a t o r y .  The 
v a r i o u s  p o l i c i e s  (whether  o b t a i n e d  by common s e n s e  o r  by common 
p r a c t i c e  o r  t h r o u g h  t h e  u s e  o f  a n  " o p t i m i z e r " )  c a n  a lways  b e  
compared by making a  s u f f i c i e n t  number o f  r u n s  on t h e  s i m u l a t o r .  
An a n a l y s t  weak i n  a n a l y t i c  s k i l l s ,  p o o r l y  t r a i n e d  i n  t h e  formu- 
l a t i o n  of models ,  p o o r l y  informed a b o u t  a l g o r i t h m s  f o r  s o l v i n g  
c l a s s e s  o f  models ,  o r  u n f a m i l i a r  w i t h  s o f t w a r e  a v a i l a b i l i t y  may 
w e l l  o p t  t o  r u n  many c a s e s  on t h e  s i m u l a t o r  t o  s e e  i f  l o c a l  i m -  
provements  i n  a  proposed p o l i c y  i s  p o s s i b l e .  Most s i m u l a t i o n  
e f f o r t s  end up t h i s  way. T h i s  i s  u n f o r t u n a t e  because  t h e  h i g h  
c o s t  of u s i n g  s i m u l a t o r s  t o  t e s t  many c a s e s  u s u a l l y  e x h a u s t s  
t h e  p a t i e n c e  and f u n d s  o f  s p o n s o r s  t o  s u p p o r t  development  of a n  
o p t i m i z e r .  I f  t h e s e  f u n d s  had been used i n s t e a d  t o  d e v e l o p  a  
s i m p l i f i e d  model,  t h e  p r o c e s s  o f  d e t e r m i n i n g  a n  o p t i m a l  p o l i c y  
f o r  t h e  s i m p l i f i e d  model c o u l d  s e r v e  a s  a  " b r a i n "  f o r  t h e  simu- 
l a t o r ,  and would have r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of s i g n i f i -  
c a n t l y  improved p o l i c i e s .  
I n  g e n e r a l ,  t h e r e  a r e  two t y p e s  o f  a n a l y t i c  models t h a t  
have  had many s u c c e s s f u l  a p p l i c a t i o n s :  ( 1 )  " l i n e a r  programming" 
models ;  and ( 2 )  "dynamic programming" models .  
The l i n e a r  programming model i s  c h a r a c t e r i z e d  m a t h e m a t i c a l l y  
by a  sys tem o f  l i n e a r  i n e q u a l i t i e s .  Many k i n d s  o f  n o n - l i n e a r  
r e l a t i o n s  c a n  be p r a c t i c a l l y  approx imated  by sys tems  t h a t  c a n  
b e  b o t h  dynamic and s t o c h a s t i c .  S o f t w a r e  i s  a v a i l a b l e  a t  r e a s o n -  
a b l e  c o s t s  f o r  s o l v i n g  such  sys tems  even where t h e s e  sys tems  
i n v o l v e  t h o u s a n d s  o f  i n e q u a l i t i e s  and v a r i a b l e s .  
The dynamic programming model i s  c h a r a c t e r i z e d  hy a  dynamic 
sys tem t h a t  moves from any g i v e n  s t a t e  i n  t i m e  t o  t h e  n e x t  s t a t e  
w i t h o u t  b e i n g  a f f e c t e d  by t h e  p a s t  h i s t o r y  of how it a r r i v e d  a t  
i t s  g i v e n  s t a t e .  Many p r a c t i c a l  models c a n  b e  c a s t  i n  t h i s  form. 
In practice, however, applications are narrowly limited to 
those whose "state space" may be approximated by a low number 
of cases. In our research we have pursued an alternative 
possibility--one that allows the state space to be multidimen- 
sional and continuous in certain components. We were able to 
do this by finding a practical way to approximate the "pay off" 
for each of the states if one follows an optimal policy. 
For the Budworm Optimizer, we used a mathematical model 
closely related to the dynamic programe--the so-called Markov 
Process. At each of the points in time t, the system is in some 
state A, B, C, ... . If in state A, the system will move to 
state A or B or C, ..., at time t + 1 with probabilities 
P (AIA) , P (B IA) , P (C (A) ,. . . ; similarly if the system is in state 
B, it will move to A or B or C at time t + 1 with probabilities 
P(A~B), P(BIB), P(C~B) ,..., etc. 
Time t Time t + 1 
Value State State Value 
In our application, these probabilities can be changed at a 
price by engaging in certain alternative actions. The problem 
is to find the best choice of these alternative actions.   hi's 
is easy to do if we know the value ~ ( A l t  + I), ~ ( B l t  + I), ..., 
of being in various states at time t + 1. Thus the expected 
value v (A[ t) is given by: 
where, for example, CAB is the cost (revenue if negative) of 
transitioning from A to B in time period t. If there are 
alternative actions in period t that can affect these probabili- 
ties, then the action that yields the maximum value of ~ ( A l t )  
i s  chosen .  The p r o c e d u r e  i s  a  backward i n d u c t i o n  t o  t i m e  t = 0,  
and r e q u i r e s  ( i n  o r d e r  t o  g e t  it s t a r t e d )  t h e  knowledge of  
V ( A , t ) ,  V ( B , t ) ,  V ( C , t )  f o r  some f u t u r e  t i m e  t = T  i n  t h e  f u t u r e .  
A s  n o t e d ,  a  Markov-type model was used f o r  t h e  budworm 
s t u d y .  The key i d e a  used i n  t h e  development  of t h i s  a n a l y t i c  
model was t o  view t h e  s i n g l e  t ree  a s  a n  e n t i t y  t h a t  changes  
s t a t e  from y e a r  t o  y e a r - - i t s  s t a t e  b e i n g  d e f i n e d  by i t s  a g e ,  
stress, and t h e  number o f  budworms it h o s t s .  The tree, depend- 
i n g  on t h e  w e a t h e r  and on whether  o r  n o t  it i s  s p r a y e d  o r  c u t ,  
w i l l  ( w i t h  c e r t a i n  p r o b a b i l i t i e s )  become one  y e a r  o l d e r  w i t h  
c e r t a i n  stresses and egg d e n s i t i e s  or it w i l l  r e v e r t  t o  a g e  
z e r o  and b e  r e p l a n t e d .  I f  it were n o t  f o r  t h e  s p r e a d  of  budworm 
e g g s  by t h e  a d u l t  moth f rom o n e  t i m b e r  s t a n d  t o  a n o t h e r ,  t h i s  
model h a s  t h e  m e r i t  t h a t  a l l  o t h e r  r e l a t i o n s  c a n  b e  used w i t h  
l i t t l e  o r  no s i m p l i f i c a t i o n  o r  change .  T h i s  l e a v e s  open t h e  
q u e s t i o n  o f  how t o  approx imate  t h e  e f f e c t  o f  egg con ta rn ina t ion .  
S e v e r a l  a p p r o a c h e s  have been posed and a r e  d e a l t  w i t h  by 
D a n t z i g  and H o l l i n g  [ I ] .  Acute s i m p l i f i c a t i o n  is  t h e  r u l e  i n  
dynamic programming a p p l i c a t i o n s ,  and we s h a l l  show how we 
have  p r e s e n t l y  e l e c t e d  t o  l i v e  w i t h  t h i s  a f t e r  we o u t l i n e  t h e  
e x i s t i n g  model and i t s  s o l u t i o n .  
For  t h e  s i m p l i f i e d  model,  we wish  t o  f i n d  f o r  e v e r y  s t a t e  
( t ree  a g e ,  stress, and egg d e n s i t y )  t h e  o p t i m a l  p o l i c y .  One 
way t o  d e t e r m i n e  o p t i m a l  p o l i c y  w i t h  r e g a r d  t o  t h e  tree and i t s  
r e p l a n t i n g  i s  t o  b e g i n  w i t h  a  g u e s s  Vo a s  t o  t h e  e n t i r e  d i s -  
counted  f u t u r e  v a l u e  o f  a  t ree ,  s t a r t i n g  a t  a g e  z e r o  and i n c l u d -  
i n g  t h e  v a l u e  o f  a l l  i t s  f u t u r e  h a r v e s t i n g  and r e p l a n t i n g  ( t o  
t i m e  i n f i n i t y ) .  A t ree p l a n t e d  a  y e a r  from now h a s  a  p r e s e n t  
v a l u e  o f  . 9 5  V  f o r  i t s  t i m e  s t r e a m  from o n e  y e a r  t o  i n f i n i t y  0  
where ( s a y )  5% is  t h e  d i s c o u n t e d  f a c t o r  ( w i t h o u t  i n f l a t i o n ) .  
I f  f o r  t h e  moment we a c c e p t  o u r  g u e s s  Vo, we a r e  i n  a  p o s i t i o n  
t o  e v a l u a t e  t h e  p r e s e n t  v a l u e  o f  a l l  o t h e r  s t a t e s .  One b e g i n s  
by n o t i n g  t h a t ,  a s  f a r  a s  h a r v e s t i n g  t h e  lumber o f  t h e  t ree now 
( o r  i n  t h e  f u t u r e ) ,  it d o e s  n o t  pay t o  a l l o w  a  t ree  t o  become 
o l d e r  t h a n  ( s a y )  s i x t y  y e a r s .  The o p t i m a l  p o l i c y  is  t h e n  t o  
c u t  down t h e  t ree  and i t s  p r e s e n t  v a l u e  would be ;  V60 = Vo + L60, 
where  L60 is  t h e  v a l u e  o f  t h e  s i x t y  y e a r  o l d  tree a s  lumber 
(less any c o s t  f o r  r e p l a n t i n g  i t ) .  To o b t a i n  t h e  v a l u e  Vgg of 
a  f i f t y - n i n e  y e a r  o l d  tree ( t h a t  i s  i n  some s t a t e  o f  stress and egg 
i n f e s t a t i o n )  and ,  a t  t h e  same t i m e ,  t o  d e t e r m i n e  t h e  o p t i m a l  
p o l i c i e s ,  we must  c o n s i d e r  t h e  f o l l o w i n g :  ( 1 )  c u t  t h e  t ree  
down, Vo + Lgg;  ( 2 )  l e a v e  t h e  t ree  a l o n e ,  .95{pvs0 + (1 - p ) V O } ,  
where  p  is  t h e  p r o b a b i l i t y  o f  t h e  t ree l i v i n g ;  o r  ( 3 )  s p r a y  t h e  
t ree ,  -S + .95{pvs0 + (1  - p ) V O ) ,  where  S  i s  t h e  c o s t  o f  s p r a y -  
. ~ 
i n g  and p i s  t h e  p r o b a b i l i t y  o f  t h e  t ree  l i v i n g  a f t e r  it h a s  
been s p r a y e d .  The p o l i c y  t h a t  y i e l d s  t h e  h i g h e s t  v a l u e  i s  op- 
t i m a l .  Note t h a t  t h e  e f f e c t  of random w e a t h e r  f a c t o r s  a r e  p a r t  
o f  t h e  c a l c u l a t i o n s  ( i . e .  w e a t h e r  a f f e c t s  t h e  p r o b a b i l i t i e s  of 
d y i n g  o r  t h e  p r o b a b i l i t i e s  o f  moving from o n e  s t a t e  t o  a n o t h e r ) ,  
s o  t h a t  v a l u e s  (and o p t i m a l  p o l i c i e s )  of v a r i o u s  s t a t e s  c a n  b e  
d e t e r m i n e d  backwards from t h e  h i g h e s t  a g e  s i x t y  down t o  a g e  z e r o .  
I f  it t u r n s  o u t  t h a t  o u r  g u e s s  Vo c h e c k s  w i t h  t h e  v a l u e  V o  ob- 
t a i n e d  by t h e  backward c a l c u l a t i o n s ,  w e  a c c e p t  o u r  g u e s s  a s  c o r -  
rect;  i f  o u r  g u e s s  p r o v e s  t o  b e  wrong, t h e n  w e  r e v i s e  o u r  g u e s s  
up o r  down u n t i l  it c h e c k s  w i t h  t h e  v a l u e .  
T h i s  p r o c e d u r e  d e f i n e s  a n  o p t i m a l  way t o  a p p l y  t h e  v a r i e t y  
o f  management a c t s  f o r  a  s p e c i f i c  o b j e c t i v e  i n  t e r m s  of  t h e  
v a l u e s  o f  t h e  key s t a t e  v a r i a b l e s .  These p o l i c y  r u l e s  may b e  
r e p r e s e n t e d  i n  t h e  form of p o l i c y  t a b l e s  a s  shown i n  F i g u r e  7 .  
F o r  any tree a g e ,  f o l i a g e  c o n d i t i o n  and d e n s i t y  o f  i n s e c t s ,  t h e  
manager c a n  e i t h e r  t a k e  no a c t i o n ,  s p r a y  (and t h e  s p r a y  c a n  b e  
a t  d i f f e r e n t  i n t e n s i t i e s  and c o n c e n t r a t i o n s )  o r  h a r v e s t .  The 
a d v a n t a g e  o f  such  p o l i c y  t a b l e s  is  t h a t  t h e y  a r e  c l e a r  and 
unambiguous, and c a n  be e a s i l y  a p p l i e d  by a  f o r e s t  manager 
a t t e m p t i n g  t o  manage a  s t a n d  i n  i s o l a t i o n  from t h e  rest o f  t h e  
r e g i o n a l  f o r e s t  system.  
Gross  s i m p l i f i c a t i o n s  a r e  needed t o  a c h i e v e  t h e s e  " o p t i m a l "  
r u l e s  b e c a u s e  o f  t h e  l i m i t a t i o n s  o f  a v a i l a b l e  o p t i m i z a t i o n  t e c h -  
n i q u e s .  Two major  s i m p l i f y i n g  a s s u m p t i o n s  were needed.  The 
f i r s t  concerned  a  s i m p l i f i e d  e x p r e s s i o n  of t h e  o b j e c t i v e  func-  
t i o n ;  t h e  second r e q u i r e d  t h a t  w e  assume t h a t  d i s p e r s a l  between 
s p a t i a l  a r e a s  was u n i m p o r t a n t .  I t  was o n l y  i n  t h i s  way t h a t  
t h e  h i g h  d i m e n s i o n a l i t y  o f  t h e  problem c o u l d  b e  s i m p l i f i e d  t o  
t h e  p o i n t  where dynamic programming c o u l d  b e  s u c c e s s f u l l y  a p p l i e d .  
S i m i l a r l y ,  g r o s s  s i m p l i f i c a t i o n s  w i l l  b e  r e q u i r e d  i n  most prob- 
lems i n v o l v i n g  dynamic management o f  r e s o u r c e  and e n v i r o n m e n t a l  
s y s t e m s .  
Dynamic programming i s  a  power fu l  and v a l u a b l e  t o o l  f o r  u s e  
i n  ecosys tem management s t u d i e s .  But  u n l e s s  r e a l l y  s u b s t a n t i a l  
advances  a r e  made i n  i t s  a b i l i t y  t o  h a n d l e  c e r t a i n  c l a s s e s  o f  
h i g h  d i m e n s i o n a l i t y ,  it w i l l  p r o p e r l y  remain o n l y  a  s p e c i a l - u s e  
" s u b - o p t i m i z e r "  methodology. For  t h e  f o r s e e a b l e  f u t u r e ,  w e  w i l l  
have t o  l e a r n  t o  make t h e  most--without  making t o o  much--of t h i s  
f a c t .  
Sub-opt imal  o r  p a r t i a l  o p t i m a l  s o l u t i o n s  have a  u s e f u l  r o l e  
t o  p l a y .  The key t o  t h e i r  c o n s t r u c t i v e  u s e  is  a n  a b i l i t y  t o  
c y c l e  s i m p l i f i e d  p o l i c i e s  t h r o u g h  t h e  f u l l  s i m u l a t i o n  model w i t h  
a l l  of i t s  c o m p l e x i t y .  By u s i n g  a  v a r i e t y  o f  i n d i c a t o r s ,  each  
of  t h e s e  p o l i c i e s  c a n  b e  a s s e s s e d  i n  t e r m s  of  a  p o s s i b l e  d r i f t  
o f  s o l u t i o n  from some b r o a d e r  s o c i e t a l  and e n v i r o n m e n t a l  g o a l .  
When t h i s  i s  d e t e c t e d ,  ad hoc,  h e u r i s t i c  m o d i f i c a t i o n s  o f  t h e  
p o l i c i e s  c a n  b e  employed t o  p roduce  more d e s i r a b l e  b e h a v i o u r .  
T h i s  p r o c e s s  s h o u l d  be i n  t h e  form of  d i a l o g u e  between 
managers and i n t e r e s t  g r o u p s .  A s  we s t a t e d  p r e v i o u s l y ,  t h e  
o p t i m i z a t i o n  model was d e s i g n e d  t o  p r o v i d e  a  " b r a i n "  f o r  t h e  
s i m u l a t o r .  But  t h a t  " b r a i n "  i s  a  c h i l d i s h  t h i n g ,  and f o r  p r o p e r  
f u n c t i o n i n g  it r e q u i r e s  t h e  g u i d a n c e  t h a t  c a n  be p r o v i d e d  o n l y  
by t h o s e  who make p o l i c y  and t h o s e  who endure  it. 
E v a l u a t i o n  
A program of  p o l i c y  e x p l o r a t i o n  and e v a l u a t i o n  u s i n g  a  
s i m u l a t o r  r e q u i r e s  t h e  development  o f  a  r i c h  a r r a y  o f  s o c i a l ,  
economic and e n v i r o n m e n t a l  i n d i c a t o r s ,  a s  w e l l  a s  a  framework 
f o r  t h e i r  u s e  and i n t e r p r e t a t i o n .  The manager must be  a b l e  t o  
c o n v e r s e  w i t h  t h e  model i n  a  c r i t i c a l  and f l e x i b l e  manner,  i f  
t h e  model is  t o  have  any l e g i t i m a t e  u s e  a s  a  p o l i c y  d e s i g n  t o o l .  
A sys tem of i n d i c a t o r s  was t h e r e f o r e  d e s i g n e d  t o  s e r v e  a s  t h e  
common, comprehens ib le  l anguage  i n  which t h a t  c o n v e r s a t i o n  c o u l d  
t a k e  p l a c e .  The grammar and s y n t a x  r u l e s  t h a t  g i v e  s t r u c t u r e  
t o  t h e  m a n a g e r ' s  d i a l o g u e  w i t h  t h e  model a r e  d e r i v e d  from t h e  
d i s c i p l i n e  o f  o p e r a t i o n s  r e s e a r c h  and ,  more p a r t i c u l a r l y ,  f rom 
d e c i s i o n  a n a l y s i s .  
The c e n t r a l  d i f f i c u l t y  i n  a p p l y i n g  t r a d i t i o n a l  d e c i s i o n  
a n a l y s i s  approaches  t o  t h e  budworm-forest management problem 
h a s  been t h e  e s s e n t i a l l y  dynamic n a t u r e  o f  b o t h  t h e  sys tem it- 
s e l f  and t h e  m a j o r i t y  of p o s s i b l e  p o l i c i e s  f o r  i t s  c o n t r o l .  
The " p r e s e n t  s t a t e "  d e s c r i p t i o n  o f  t h e  sys tem t e l l s  u s  o n l y  a  
l i t t l e  a b o u t  f u t u r e  s t a t e s ,  and t h e  e s s e n c e  o f  a  good manage- 
ment p o l i c y  i s  p r e c i s e l y  t h e  a b i l i t y  t o  a d a p t  q u i c k l y  and suc-  
c e s s f u l l y  t o  t h e  i n e v i t a b l e  f u t u r e  s t a t e  s u r p r i s e s  a s  t h e y  
a r i s e .  W e  a r e  r e a l l y  more i n t e r e s t e d  i n  what t h e  f o r e s t  i s  
d o i n q  t h a n  what  it is a t  a  g i v e n  moment, and t h e  s t a n d a r d  para -  
p h e r n a l i a  of a  d i s c i p l i n e  t h a t  i s  h e a v i l y  concerned  w i t h  r e l a -  
t i v e l y  complacent  marbled u r n s  have p r e d i c t a b l y  been u n a b l e  t o  
g i v e  u s  t h e  h e l p  we need.  
Our ad  hoc s o l u t i o n  t o  t h e  problem o f  s p e c i f y i n g  o b j e c t i v e s  
f o r  a  t i m e  changing  sys tem h a s  been t o  p r e s e n t  t h e  d e c i s i o n  
maker w i t h  f u l l  t i m e  s e r i e s  d e s c r i p t i o n s  o f  t h e  f o r e s t ' s  behav- 
i o u r ,  w i t h o u t  r e g a r d  t o  t h e  p o l i c i e s  employed t o  g e n e r a t e  t h a t  
b e h a v i o u r .  I n  p r i n c i p a l ,  t h e  c h o i c e  problem s imply  becomes one 
o f  r a n k i n g  t i m e  s t r e a m s  r a t h e r  t h a n  s t a t e  d e s c r i p t i o n s  of t h e  
managed sys tem.  The f u l l  panoply o f  t i m e  s t r e a m  i n d i c a t o r s  
a s s o c i a t e d  w i t h  any s i m p l e  management p o l i c y  i s  e x c e e d i n g l y  com- 
p l e x .  Thus, t o  e n a b l e  c o n s i s t e n t  r a n k i n g s  o f  a l t e r n a t i v e s ,  w e  
must f i r s t  d r a s t i c a l l y  and m e a n i n g f u l l y  s i m p l i f y .  
The f i r s t  s t e p  i n  t h e  p r o c e s s  i s  s t r a i g h t f o r w a r d .  The 
i n d i v i d u a l  manager i s  asked  t o  r e v i e w  t h e  l i s t  of  i n d i c a t o r s ,  
t o  s t r i k e  t h o s e  o f  no o r  minor r e l e v a n c e  t o  t h e  d e t e r m i n a t i o n  
of  h i s  t i m e  s t r e a m  p r e f e r e n c e s ,  t o  r e t a i n  t h e  r e s t ,  and t o  add 
o r  a l t e r  where n e c e s s a r y .  A r e p r e s e n t a t i v e  l i s t  of one d e c i -  
s i o n  m a k e r ' s  " t h i n g s  I am i n t e r e s t e d  i n "  i s  shown i n  T a b l e  2 .  
A s m a l l  amount o f  a d d i t i o n a l  s i m p l i f i c a t i o n  c a n  be e a s i l y  
done.  These i n d i c a t o r s  a r e  l i s t e d  by i n t u i t i v e  g r o u p s  o f  l i k e  
" k i n d " .  I t  t u r n s  o u t  t h a t  t h e  d e c i s i o n  maker ' s  e x p r e s s e d  t r a d e -  
o f f s  among i n d i c a t o r s  w i t h i n  such  g r o u p s  a r e  o f t e n  independent  
of  t h e  v a l u e s  t a k e n  by i n d i c a t o r s  o u t s i d e  t h e  group ( a  s o r t  of 
p r e f e r e n t i a l  independence)  . A s  a  d e c i s i o n  maker s t a t e d ,  " I  c a n  
add a p p l e s  and a p p l e s  w i t h o u t  c a r i n g  t o o  much a b o u t  o r a n g e s " .  
Table 2 .  Preliminary "grouped" l i s t  
of r e l e v a n t  i n d i c a t o r s .  
A )  Economic: 
X1 = " P r o f i t "  t o  logging indus t ry ;  
X 2  = Cost of i n s e c t i c i d e  spraying; 
Xj = Cost of o t h e r  c o n t r o l  measures. 
- 
Forest: 
X,, = Age c l a s s  d i v e r s i t y ;  
I X 5  = Proportion of t r e e s  i n  "mature" c l a s s e s ;  
X6 = Proportion of t r e e s  severe ly  d e f o l i a t e d ;  
X7 = Proportion of dead t r e e s ;  
X8 = Proportion of a rea  logged. 
Soc ia l :  
X9 =.''Unemployment"; I-prop. of m i l l  capac i ty  
not  f i l l e d .  
I D )  Fores t  P o t e n t i a l :  
X 1 0  = Amount of merchantable wood p resen t ;  
X l l  = Amount of merchantable wood harves ted.  
E )  Ecological :  
X 1 2  = Average concentra t ion of i n s e c t i c i d e  i n  
sprayed a r e a s .  
I n  a d d i t i o n ,  w i t h i n - g r o u p  t r a d e o f f s  w e r e  u s u a l l y  e x p r e s s e d  a s  
"noncompensatory"  o r  t h r e s h o l d  phenomena i n  which a  g i v e n  i n d i -  
c a t o r  became i m p o r t a n t  o n l y  when it too): a  v a l u e  o u t s i d e  a  wide 
"normal"  r a n g e .  These c o n v e n i e n t  s i m p l i f i c a t i o n s  made it pos- 
s i b l e  t o  r e d u c e  most  o f  t h e  g r o u p s  i n  T a b l e  2  t o  s i n g l e ,  a g g r e -  
g a t e  i n d i c a t o r s  i n  a  r e l a t i v e l y  unambiguous and i n t u i t i v e l y  
p l a u s i b l e  manner. An example o f  t h i s  r e d u c t i o n  i s  shown i n  
F i g u r e  8 .  Fol lowing  s i m i l a r  p r o c e d u r e s ,  one  manager reduced  h i s  
i n i t i a l  l o n g  l i s t  of  i n d i c a t o r s  t o  o n l y  t h r e e :  o n e  f o r  economic 
e f f e c t s  ( i n c l u d j n g  l o g g i n g ,  s p r a y i n g ,  and o p e r a t i n g  c o s t s ) ;  o n e  
f o r  r e c r e a t i o n a l  v a l u e  ( i n c l u d i n g  a c c e s s i b i l i t y  f a c t o r s ,  f o r e s t  
c o m p o s i t i o n ,  l o g g i n g  and i n s e c t  damage);  and one  f o r  s o c i a l  
i s s u e s  ( e s s e n t i a l l y  t h e  l e v e l  o f  l a b o u r  f o r c e  d i s p l a c e m e n t  d u e  
t o  f o r e s t  d e s t r u c t i o n  by budworm). 
Having completed t h e  i n i t i a l  i n d i c a t o r  s e l e c t i o n  and aggre -  
g a t i o n ,  w e  p o s s e s s  a  r e a s o n a b l y  c o n c i s e  way of  d e s c r i b i n g  any 
g i v e n  p a t t e r n  o f  sys tem b e h a v i o u r .  The t a s k  r e m a i n s ,  however,  
o f  s y s t e m a t i c a l l y ,  m e a n i n g f u l l y ,  and unambiguously r a n k i n g  
a l t e r n a t i v e  sets of  t i m e  s t r e a m s  s u c h  a s  t h o s e  shown i n  F i g u r e  9 .  
Most r e g r e t a b l y ,  t h i s  seems t o  p r e s e n t  a  problem whol ly  beyond 
t h e  c a p a c i t y  o f  p r e s e n t  t h e o r y  and methodology i n  d e c i s i o n  
a n a l y s i s .  C o n s i d e r  f o r  a  moment, t h e  d i f f i c u l t i e s .  
Time l i e s  a t  t h e  h e a r t  o f  a l l  o f  o u r  p rob lems .  I f  w e  
wish  t o  a s s i g n  a  s i n g l e  r a n k i n g  v a l u e  t o  a  g i v e n  set  of i n d i c a -  
t o r  t i m e  s t r e a m s ,  w e  must  u l t i m a t e l y  compress  i n d i c a t o r  v a l u e s  
a c r o s s  t i m e .  The f i r s t  i n c l i n a t i o n  i s  t o  t a k e  v a r i o u s l y  weigh ted  
t i m e  a v e r a g e s  o f  t h e  i n d i c a t o r s ,  means, d i s c o u n t e d  sums, and s o  
f o r t h .  But any such  t i m e  a v e r a g i n g  scheme i m p l i e s  an  e x p l i c i t  
a t t i t u d e  o f  i n t e r t e m p o r a l  t r a d e o f f s  t h r o u g h  which w e  a r e  w i l l i n g  
t o  r e l a t e  t h e  f u t u r e  t o  t h e  p r e s e n t .  I t  i s  a r g u a b l e  whe ther  
s t a n d a r d  "1-15%" d i s c o u n t i n g  a rguments  c a n  be d e f e n s i b l y  a p p l i e d  
t o  even  p u r e l y  f i n a n c i a l  m a t t e r s .  T h e i r  a p p r o p r i a t e n e s s  o u t s i d e  
t h e  world of c a p i t a l  i n v e s t m e n t  is  h i g h l y  s u s p e c t ,  t o  s a y  t h e  
l e a s t .  And d e s p i t e  t h e  l a r g e  volume o f  w r i t i n g  on " s o c i a l  r a t e s  
of d i s c o u n t " ,  l i t t l e  o f  p r a c t i c a l  i m p o r t  h a s  y e t  been s a i d  on 
t h i s  m a t t e r .  I t  would s e e m  t h a t  o u r  s o c i e t y  h a s  y e t  t o  a g r e e  
upon a  f i x e d  r a t e  a t  which it i s  w i l l i n g  t o  d i s c o u n t  i t s  p o s t e r i t y  
i n t o  i n s i g n i f i c a n c e .  And whatever  t h a t  r a t e  may b e ,  t h e  p r o p e r  
s o l u t i o n  t o  t h e  d i s c o u n t i n g  problem c e r t a i n l y  d o e s  n o t  i n v o l v e  
c o n v i n c i n g  s o c i e t y  t o  d o  s o .  
Even i f  t h e  o v e r a l l  t i m e  a v e r a g i n g  problem c o u l d  be re- 
s o l v e d ,  we a r e  l e f t  w i t h  t h e  problem o f  a s s i g n i n g  a p p r o p r i a t e  
r a n k i n g  w e i g h t s  t o  d i f f e r e n t  t e m p o r a l  p a t t e r n s  o f  a n  i n d i c a t o r .  
S u r e l y  an  unemployment r a t e  t i m e  s t r e a m  a v e r a g i n g  10% and based  
on a l t e r n a t i n g  y e a r s  o f  f u l l  employment and 20% unemployment 
d e s e r v e s  a  d i f f e r e n t  r a n k i n g  from one  t h a t  h o l d s  a  s t a t i c  r a t e  
o f  10% y e a r  a f t e r  y e a r .  P o t e n t i a l l y  m e a n i n g f u l  p r o p e r t i e s  o f  
t i m e  s t r e a m  b e h a v i o u r  a r e  a l m o s t  c e r t a i n l y  c a p t u r e d  i n  c o r r e l a -  
t i o n  and r u n  s t a t i s t i c s  a s  w e l l  a s  i n  v a r i a n c e  e s t i m a t e s .  A s  
w i t h  t h e  a v e r a g i n g  problem,  t h e  i m p o r t a n t  i s s u e  i s  n o t  whe ther  
w e  c a n  per form r e q u i s i t e  c a l c u l a t i o n s  b u t  how w e  c o u l d  make t h e  
r e s u l t s  meaningfu l  t o  t h e  manager. 
One p o t e n t i a l l y  u s e f u l  compromise approach  t o  t h e  t i m e  
problem h a s  been t o  compress  i n d i c a t o r s  a c r o s s  k i n d  b u t  n o t  t i m e ,  
r e s u l t i n g  i n  a  s i n g l e  a g g r e g a t e d  v a l u e  f u n c t i o n  t i m e  t r a c e  
( F i g u r e  9 ) .  The key h e r e  is  c o n d i t i o n a l l y  t o  assume t e m p o r a l  
independence  o f  i n d i c a t o r  t r a d e o f f  v a l u e s ,  i n  e s s e n c e  t o  p r e t e n d  
t h a t  t h e  r e l a t i v e  w e i g h t i n g  a t t a c h e d  t o  v a r i o u s  i n d i c a t o r s  i n  a  
g i v e n  y e a r  is  i n d e p e n d e n t  o f  t h e i r  v a l u e s  i n  n e i g h b o r i n g  y e a r s .  
A f t e r  t h i s  a ssumpt ion  h a s  been made, i n t r a - t e m p o r a l ,  i n t e r -  
i n d i c a t o r  t r a d e o f f s  a r e  e v a l u a t e d  u s i n g  a  s t a n d a r d  m u l t i - a t t r i b u t e ,  
r e v e a l e d  p r e f e r e n c e  approach  and a n  o v e r a l l  c a l c u l a t e d  v a l u e  
f u n c t i o n .  T h i s  f u n c t i o n  i s  a p p l i e d  i n d e p e n d e n t  t o  s e p a r a t e  i n -  
d i c a t o r  v a l u e s  f o r  e a c h  o f  t h e  y e a r s ,  g e n e r a t i n g  t h e  a g g r e g a t e  
v a l u e  t i m e  s t r e a m  shown i n  F i g u r e  9 .  I n  o u r  work we have  p e r -  
m i t t e d  no d i s c o u n t i n g  o f  t h e  component i n d i c a t o r s  o r  f i n a l  
v a l u e  s t r e a m  b e c a u s e  o f  t h e  a m b i g u i t i e s  i n h e r e n t  i n  a g g r e g a t i n g  
a c r o s s  d i f f e r e n t i a l l y  d i s c o u n t e d  i n d i c a t o r s .  
A t  t h i s  p o i n t ,  t h e  manager h a s  reduced  h i s  r a n k i n g  problem 
t o  o n e  o f  comparing a  s i n g l e  a g g r e g a t e  v a l u e  s t r e a m  f o r  e a c h  o f  
t h e  p a t t e r n s  of  s y s t e m  b e h a v i o u r  i n  q u e s t i o n .  By v i s u a l l y  p a i r -  
i n g  t h e s e  v a l u e  s t r e a m s  w i t h  t h e i r  component i n d i c a t o r  s t r e a m s ,  
t h e  d e c i s i o n  maker may be  a b l e  t o  i n t e r p r e t  t h e  f o r m e r  c o n s i s -  
t e n t l y  and t o  e v o l v e  a  s t a b l e  r a n k i n g  p a t t e r n .  The p a i r i n g  a l s o  
s e r v e s  t o  show, t h r o u g h  t h e  component i n d i c a t o r s ,  t h o s e  p o r t i o n s  
o f  t h e  v a l u e  s t r e a m  t h a t  a r e  most  l i k e l y  t o  b e  s e n s i t i v e  t o  t h e  
t e m p o r a l  independence  assumpt ion .  We have  n o  methodology t o  
c o p e  w i t h  t h i s  s e n s i t i v i t y ,  b u t  t h e  " f l a g "  s e r v e s  t o  temper  o u r  
i n t e r p r e t a t i o n  of  t h e  a g g r e g a t e  v a l u e  s t r e a m  w i t h  s k e p t i c i s m .  
F u r t h e r  work i s  underway a t  IIASA t o  improve upon t h e  
p r e s e n t  u n s a t i s f a c t o r y  s t a t e  o f  a f f a i r s .  I t  a p p e a r s  u n l i k e l y  
t h a t  any  b r e a k t h r o u g h s  w i l l  o c c u r  i n  t h e  a r e a s  o f  d i s c o u n t i n g  
o r  h a n d l i n g  i n t e r - t e m p o r a l  t r a d e o f f s ,  b u t  some p r o g r e s s  on  c r u -  
c i a l  i s s u e s  o f  communication may be  e x p e c t e d .  
4 .  Summary and C o n c l u s i o n s  
What Has Been Done 
The i n t e n t  of t h i s  c a s e  s t u d y  was t o  see j u s t  how f a r  one  
c o u l d  p roceed  i n  combining t h e  b e s t  o f  e c o l o g i c a l  m o d e l l i n g ,  
p o l i c y  d e s i g n  e v a l u a t i o n  and d e c i s i o n  t h e o r y  toward a  r e a l i s t i c  
and c h a r a c t e r i s t i c  problem o f  ecosys tem management. The key 
i n g r e d i e n t  of  t h i s  a n a l y s i s  was t h e  development  o f  a  r i g o r o u s ,  
p a r s i m o n i o u s  and w e l l - v a l i d a t e d  s i m u l a t i o n  model t h a t  e x p l i c i t l y  
a d d r e s s e d  i s s u e s  o f  unknowns and u n c e r t a i n t i e s .  I t  p r o v i d e d  
t h e  l a b o r a t o r y  wor ld  f o r  t h e  development  and e x p l o r a t i o n  of 
a l t e r n a t e  p o l i c i e s .  The p r o c e s s  l e d  t o  o p t i m i z a t i o n ,  where  t h e  
l i m i t a t i o n s  of  e x i s t i n g  t e c h n i q u e s  r e q u i r e d  a n  e v a l u a t i o n  o f  
" s u b - o p t i m a l "  p o l i c i e s  t h r o u g h  t h e  s i m u l a t i o n  model.  T h i s  p ro -  
cess o f  e v a l u a t i o n  i n  t u r n  g e n e r a t e d  t h e  need f o r  a  r i c h  v a r i e t y  
of  s o c i a l ,  economic and e n v i r o n m e n t a l  i n d i c a t o r s  t h a t  c o u l d  be 
used t o  judge  t h e  consequences  o f  a l t e r n a t e  p o l i c i e s .  
It became essential to develop an alternate array of indi- 
cators, explicitly designed to handle the uncertainties or un- 
knowns. These are necessary because ecosystems and, for that 
matter, social systems, are generally multi-equilibria systems 
in which each equilibrium is bounded by a stability region. 
Very little information can usually be mobilized to concretely 
and specifically establish where those boundaries lie, or how 
the stability regions may contract with the application of 
management activities. There is growing evidence from fisheries, 
forest and other ecological systems that suggests that these 
domains of stability do contract with no obvious indications 
until collapse occurs. Hence three classes of "resilience indi- 
cators" were also developed: one measuring the unused environ- 
mental capital that would provide the alternate options required 
in the event of an unexpected event; one relating to measure- 
ments of the stability boundaries; and one concerning the re- 
silience of benefits. The latter are generated by explicitly 
simulating specific kinds of policy failure and by monitoring 
the stream of benefits thereafter. 
The final key piece that linked the whole range of techni- 
ques was an explicit effort to generate a strategic range of 
objectives as first-cut management alternates. This range was 
designed to cover both non-resilient and resilient objectives 
with the intent of providing a rich menu for comparison and sub- 
sequent modification. 
So far we have emphasized mainly the techniques used, 
saying little about the process by which they were developed 
and employed in the research programme. Yet a crucial element 
of this exercise has been the inter-disciplinary and inter- 
institutional character of the operation. From the start the 
Maritimes Forest Research Centre, Department of the Environment 
(Environment Canada), Fredericton, Canada, was involved in every 
stage of the project. Much of the economic and ecological anal- 
ysis was performed at the MFRC Laboratory in close conjunction 
with other members of the team. The Institute of Resource 
Ecology, University of British Columbia, provided the expertise 
in systems ecology and mathematics. The whole activity was 
given focus and a disciplinary breadth at IIASA. The final 
group of collaborators involved ecologists, systems mathemati- 
cians, and operations researchers, covering a wide spectrum of 
talents. Despite that interdisciplinary breadth and the several 
thousand miles between the three key participating institutions, 
the degree of cooperation and communication was truly remarkable, 
in large part because of the initial fostering and flexible 
interactive environment of IIASA. 
What Is Missing 
If the test of this study is whether critical systems 
analysis can provide a more effective approach to ecosystem 
management problems than past approaches, the answer is yes. 
At the very least, a specific list of research priorities can 
b e  d e f i n e d ,  c r i t i c a l l y  f o c u s s e d  on  management n e e d s ,  and l e a d i n g  
t o  a  more e f f e c t i v e  e x p e n d i t u r e  o f  a v a i l a b l e  f u n d s .  S i m i l a r l y ,  
t h e  e x p l o r a t o r y  p o l i c i e s  g e n e r a t e d ,  a l t h o u g h  i n  need of  f u r t h e r  
m o d i f i c a t i o n  a s  t h e  e f f o r t  l e a d s  t o  i m p l e m e n t a t i o n ,  s u g g e s t  
management r o u t e s  t o  g r e a t e r  b e n e f i t s  and r o b u s t n e s s  a t  c o n s i d e r -  
a b l y  l e s s  c o s t .  
But  i f  t h e  t es t  of  t h i s  s t u d y  i s  whether  t h i s  r a n g e  o f  
t e c h n i q u e s  and t h e  new o n e s  added a r e  a d e q u a t e  t o  t h e  p rob lems  
a t  hand,  t h e n  t h e  answer  i s  no. S e v e r a l  major  i s s u e s  a r e  un- 
r e s o l v e d .  One of t h e  most i m p o r t a n t  i s s u e s  c o n c e r n s  t h e  d i f f i -  
c u l t i e s  of  m e a n i n g f u l l y  a g g r e g a t i n g  i n d i c a t o r s  a c r o s s  k i n d ,  t i m e ,  
and s p a c e  s o  t h a t  r a t i o n a l  p r e f e r e n c e s  c a n  b e  e x p r e s s e d  among 
a l t e r n a t e  f u t u r e s .  The u s e  o f  p r e s e n t .  d i s c o u n t i n g  p r o c e d u r e s  
t o  h a n d l e  i n t e r - t e m p o r a l  t r a d e o f f s  i s  t o t a l l y  i n a d e q u a t e ,  t h e  
more s o  b e c a u s e  it makes t h e  problem d e c e p t i v e l y  t r a c t a b l e .  W e  
know o f  no  meaningfu l  and e f f e c t i v e  way t o  make t h i s  t i m e  com- 
p r e s s i o n .  S i m i l a r l y ,  fundamenta l  problems o f  t h e  e f f e c t i v e  
a p p l i c a t i o n  of  o p t i m i z a t i o n  t e c h n i q u e s  have  a l r e a d y  been  d i s -  
c u s s e d .  
Beyond t h e  t e c h n i c a l  i n a d e q u a c i e s ,  t h e r e  a r e  more i m p o r t a n t  
e l e m e n t s  t o t a l l y  m i s s i n g  from t h e  f u l l  p r o c e s s  of  p o l i c y  d e s i g n .  
When we compared t h e  s t e p s  t a k e n  i n  t h e  p r e s e n t  c a s e  s t u d y  w i t h  
o t h e r s  t h a t  were  d e v e l o p i n g  s i m u l t a n e o u s l y  a t  IIASA, a  t o t a l  set  
o f  a n a l y t i c  s t e p s  began t o  emerge t h a t  would c o v e r  t h e  f u l l  
r a n g e  o f  a c t i v i t i e s  r e q u i r e d  i n  e f f e c t i v e  p o l i c y  d e s i g n .  These 
a r e  shown i n  T a b l e  3 and i n  F i g u r e  1 0 .  The Budworm Case S tudy  
c o n c e n t r a t e d  on t h e  s t e p s  c o n t a i n e d  i n  t h e  h e a v i l y  o u t l i n e d  
r e g i o n  o f  t h e  t a b l e .  Our implementa t ion  p h a s e  i s  j u s t  s t a r t i n g ,  
and it w i l l  e n c o u n t e r  major  i s s u e s  of  p r a c t i c a l  c o n c e r n  r e l a t i n g  
t o  a v a i l a b i l i t y  of  a n  i n f r a s t r u c t u r e  of  r o a d s ,  l o g g i n g  l o g i s t i c s  
and c a p i t a l  a v a i l a b i l i t y .  Tha t  e f f o r t  w i l l  have  t o  d e v e l o p  
a d d i t i o n a l  t a c t i c a l  and more d e t a i l e d  s i m u l a t i o n  models and op- 
t i m i z a t i o n  r o u t i n e s ,  and must p roceed  i n  c l o s e  i n t e r a c t i o n  w i t h  
t h o s e  a g e n c i e s  and  i n d u s t r i e s  a c t u a l l y  r e s p o n s i b l e  f o r  manage- 
ment. The s t e p  o f  implementa t ion  i s  one  t h a t  few e x e r c i s e s  o f  
s y s t e m s  a n a l y s i s  have  s u c c e s s f u l l y  accompl i shed ;  c e r t a i n l y  t h e r e  
a r e  few major  examples  i n  t h e  e n v i r o n m e n t a l  f i e l d ,  o u t s i d e  o f  
w a t e r  r e s o u r c e s  work, t h a t  have i n v o l v e d  e f f e c t i v e  implementa- 
t i o n .  Tha t  w i l l  b e  t h e  c h a l l e n g e  and t h e  a c i d  t es t  f o r  t h e  bud- 
worm programme o v e r  t h e  n e x t  few y e a r s .  
An e q u a l l y  i m p o r t a n t  m i s s i n g  e l e m e n t  i n  o u r  programme h a s  
been  t h e  embedding of  wha tever  p o l i c i e s  t h a t  a r e  d e v e l o p e d  wi th -  
i n  t h e  l a r g e r  socio-economic r e a l i t y  of  N e w  Brunswick,  and o f  
Canada a s  a  whole .  T y p i c a l l y ,  r e l a t i v e l y  l i t t l e  e f f o r t  i s  ex- 
pended i n  s p e c i f i c a l l y  a d d r e s s i n g  t h e s e  q u e s t i o n s  of s o c i a l  
embedding. Yet it is e s s e n t i a l  t o  d e v e l o p  some g e n e r a l  over -  
view o f  t h e  b r o a d e s t  consequences  o f  l o c a l  p o l i c i e s .  A promis- 
i n g  l e a d  h a s  been  p r o v i d e d  by t h e  e n e r g y  c a s e  s t u d y  a t  IIASA 
t h a t  a r g u e s  f o r  t h e  p o s s i b l e  development  of  some s i m p l i f i e d  
a l t e r n a t e  s o c i e t a l  models t h a t  i n  no s e n s e  p r e t e n d  t o  be accu-  
r a t e  r e p r e s e n t a t i o n s  of  r e a l i t y ;  r a t h e r  t h e y  p r o v i d e  a  framework 
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o r  "mythology" t o  i n t e r p r e t  t h e  consequences  a s  one  p e r s o n ' s  
view of  t h e  wor ld .  I n  t h e  f i n a l  a n a l y s i s ,  t h o s e  s o c i e t a l  con- 
s e q u e n c e s  must b e  e x p l o r e d  by t h o s e  who must make t h e  manage- 
ment d e c i s i o n s ,  and by t h o s e  who must e n d u r e  them. 
The e f f e c t i v e  e x p l o r a t i o n  o f  s o c i e t a l  consequences  i s  de-  
pendent  upon communication i n  i t s  b r o a d e s t  s e n s e .  That  t o o  i s  
a n  a r e a  o f  n e g l e c t  i n  t h i s  and n e a r l y  a l l  o t h e r  e f f o r t s .  I f  we 
were t o  d e v o t e  5% o f  t h e  i n g e n u i t y  we now spend on a n a l y s i s  t o  
s t u d y i n g  i n n o v a t i v e  and e f f e c t i v e  ways o f  communication, t h e  
payof f  i n  t e r m s  of  improved management would b e  a s t o u n d i n g .  
The q u e s t i o n  a t  i s s u e  is  how i n f o r m a t i o n  c o n c e r n i n g  such  a  com- 
p l e x  s y s t e m  c a n  b e  p r e s e n t e d  i n  fo rms  t h a t  a r e  c l e a r ,  under-  
s t a n d a b l e  and u s a b l e ;  u s a b l e  i n  a  way t h a t  t h e  p e r c e p t i o n s  and 
e x p e r i e n c e  o f  t h e  non-exper t s  c a n  be b r o u g h t  t o  b e a r  on t h e  
a n a l y s i s  i n  a  f u l l  and e f f e c t i v e  manner. 
One f i n a l  p o i n t  needs  re -emphas i s .  P a s t  e f f o r t s  i n  r e s o u r c e  
management have  been e s s e n t i a l l y  t r i a l  and e r r o r  a p p r o a c h e s  t o  
c o p i n g  w i t h  t h e  unknown. And indeed  t h a t  i s  t h e  way o u r  s o c i e t y  
h a s  advanced s i n c e  t h e  i n d u s t r i a l  r e v o l u t i o n .  E x i s t i n g  informa-  
t i o n  i s  m o b i l i z e d  t o  s u g g e s t  a  t r i a l ;  i f  a n  e r r o r  is d e t e c t e d  
t h e n  t h a t  p r o v i d e s  a d d i t i o n a l  i n f o r m a t i o n  t o  modify s u b s e q u e n t  
t r i a l s .  W e  a r e  now a t  t h e  p o i n t  where  t h e  i n t e n s i t y  and e x t e n -  
s i v e n e s s  o f  o u r  t r i a l s  g e n e r a t e  e r r o r s  t h a t  a r e  p o t e n t i a l l y  
l a r g e r  t h a n  o u r  s o c i e t y  c a n  a f f o r d .  T r i a l  and e r r o r  seems i n -  
c r e a s i n g l y  t o  b e  a  d a n g e r o u s  method f o r  c o p i n g  w i t h  t h e  unknown. 
W e  need a  new s t r a t e g y  t o  d e a l  w i t h  i g n o r a n c e .  The c o n c e p t  o f  
s y s t e m s  r e s i l i e n c e  p r o v i d e s  a t  l e a s t  a  h i n t  o f  a  d i r e c t i o n  t o  
p r o c e e d ,  f o c u s s i n g  a s  it  d o e s  n o t  on t h e  p r e d i c t i o n  o f  f u t u r e  
s u r p r i s e s ,  b u t  on d e s i g n i n g  s y s t e m s  t h a t  have t h e  i n t e r n a l  re- 
s i l i e n c e  t o  a b s o r b  t h o s e  s u r p r i s e s  when t h e y  i n e v i t a b l y  a p p e a r .  
U n l e s s  we c a n  i n t e g r a t e  i n t o  o u r  d e s i g n  a c t i v i t i e s  some 
approach  f o r  d e a l i n g  e x p l i c i t l y  w i t h  t h e  unknown, and u n l e s s  we 
h o n e s t l y  and e f f e c t i v e l y  a d d r e s s  t h e  l a r g e r  i s s u e s  o f  s o c i a l  
embedding and meaningfu l  communicat ion,  a l l  t h a t  we a p p l i e d  
sys tems  a n a l y s t s  c a n  d o  i s  promise  l a r g e r  d i s a s t e r s ,  a c h i e v e d  
f a s t e r  and i n  a  more p r e t e n t i o u s  and d i s c i p l i n e d  manner. 
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F i g u r e  1 .  The p a t t e r n  i n  t i m e .  R e p r e s e n t a t i v e  
h i s t o r i c a l  p a t t e r n  o f  S p r u c e  Budworm 
o u t b r e a k  i n  E a s t e r n  Canada.  T h e r e  
h a v e  b e e n  f o u r  m a j o r  o u t b r e a k s  s i n c e  
1770.  
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F i g u r e  2 .  S t u d y  a r e a  w i t h i n  t h e  P r o v i n c e  o f  
New Brunswick  u s e d  i n  t h e  c u r r e n t  
s t u d y .  Ha tched  a r e a  i n c l u d e s  t h e  
p r i m a r y  f o r e s t e d  r e g i o n s  o f  New 
Brunswick .  
Figu re  3 .  Numbering and indexing  system 
f o r  t h e  2 6 5  sub reg ions ,  o r  
" s i t e s " ,  i n  t h e  s tudy  a r e a .  
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F i g u r e  4 .  The key r o l e s  o r  v a r i a b l e s  and 
t h e i r  i n t e r r e l a t i o n s  i n  t h e  










F i g u r e  5.  B a s i c  model s t r u c t u r e  f o r  t h e  
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Figure 6B. Example of gaming simulation in which a spraying procedure, 
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F i g u r e  9 .  Example of t ime t r a c e s  of t h r e e  
s e l e c t e d  i n d i c a t o r s  and t h e i r  




Level N+l feasibility check 
F i g u r e  1 0 .  Flow c h a r t  f o r  p o l i c y  d e t e r m i n a t i o n .  
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3 .2 .  Salmon Watershed Management Case  S t u d y  
C. W a l t e r s ,  R .  H i l b o r n ,  S .  Buckingham, 
S. R i n a l d i  and M .  G a t t o  
The salmon c a s e  s t u d y  c e n t e r s  on a  s i n g l e  r e g i o n ,  t h e  
p r o v i n c e  o f  B r i t i s h  Columbia i n  Canada ( F i g u r e  1 ) .  T h i s  s y s t e m  
a r e a  h a s  s e v e r a l  o f  t h e  dozen m a j o r  salmon p r o d u c i n g  r i v e r s  
a round  t h e  r i m  of  t h e  P a c i f i c  Ocean f rom J a p a n  t o  C a l i f o r n i a .  
Salmon a r e  born  i n  t h e  r i v e r s ,  t h e n  g o  t o  s e a  f o r  o n e  t o  t h r e e  
y e a r s .  At s e a  t h e y  may be  e x p l o i t e d  by a n  i n t e r n a t i o n a l  mix 
o f  f i s h i n g  f l e e t s ;  most  o f  t h e  h a r v e s t  o c c u r s  n e a r  t h e  r i v e r  
mouth when t h e  a d u l t  f i s h  r e t u r n  t o  spawn and  d i e .  Because 
t h e y  have a n  o r d e r l y  l i f e  c y c l e ,  a  c o n c e n t r a t e d  h a r v e s t  p e r i o d  
and a  p o p u l a t i o n  s i z e  t h a t  c a n  be e a s i l y  d e t e r m i n e d ,  salmon a r e  
c o n s i d e r e d  t h e  most  manageable  o f  t h e  l a r g e  w o r l d  f i s h e r i e s .  
Many f u n d a m e n t a l  c o n c e p t s  o f  f i s h e r y  management ( e . g .  s t o c k -  
r e c r u i t m e n t  r e l a t i o n s h i p s ,  economics  o f  e x p l o i t a t i o n )  have 
stemmed l a r g e l y  f rom s t u d i e s  o f  sa lmon.  
W e  had f i v e  b a s i c  r e a s o n s  f o r  c h o o s i n g  t h e  salmon f o r  a  
c a s e  s t u d y :  
1 )  Our r e s u l t s  s h o u l d  b e  g e n e r a l i z a b l e  t o  o t h e r  f i s h e r i e s  
a round  t h e  w o r l d ,  and p e r h a p s  t o  e t h e r  r enewable  
r e s o u r c e s ;  
2 )  Our r e s u l t s  migh t  have  r e a l  b e n e f i t s  t o  p e o p l e ;  t h e  
B r i t i s h  Columbia f i s h e r y  employs o v e r  1 0 , 0 0 0  p e o p l e ,  
r e p r e s e n t i n g  a  g r o s s  income of  200 m i l l i o n  (Canad ian)  
d o l l a r s  p e r  y e a r ;  
3 )  There  i s  a n  e x t r a o r d i n a r y  h i s t o r y  o f  d a t a  on t h e  
e c o l o g i c a l  dynamics  o f  t h e  sys tem;  
4 )  T h e r e  i s  a  s o l i d  h i s t o r y  o f  d a t a  o f  a c t u a l  management 
pe r fo rmance  i n  t h e  a b s e n c e  o f  s y s t e m s  a n a l y s i s ;  and 
5 )  P e r h a p s  most  i m p o r t a n t ,  t h e r e  i s  a  c l e a r l y  d e f i n e d  
c l i e n t  f o r  o u r  r e s u l t s ;  we have  a  good working r e -  
l a t i o n s h i p  w i t h  Environment  Canada,  t h e  p r i m a r y  
agency  f o r  salmon management i n  B r i t i s h  Columbia.  
1 . H i s t o r i c a l  Background 
F i g u r e  2  shows h i s t o r i c a l  c h a n g e s  i n  t h e  two major  salmon 
p o p u l a t i o n s  of t h e  Skeena R i v e r .  P r i o r  t o  1950,  t h e r e  was 
e s s e n t i a l l y  no management, and  t h e  s y s t e m  was e v o l v i n g  toward  
a  p r e d a t o r - p r e y  e q u i l i b r i u m  between t h e  f i s h i n g  f l e e t s  and t h e  
salmon s t o c k s .  F e a r i n g  t h a t  t h e  s t o c k s  migh t  b e  d r i v e n  t o  
e x t i n c t i o n ,  t h e  Canadian government began i n s t i t u t i n g  c a t c h  
r e g u l a t i o n s  i n  t h e  e a r l y  1950s.  O t h e r  n a t i o n s  ( p a r t i c u l a r l y  
J a p a n )  were exc luded  from t h e  f i s h e r y  by i n t e r n a t i o n a l  agreement  
( t h e  s o - c a l l e d  a b s t e n t i o n  a r r a n g e m e n t s )  d u r i n g  t h i s  p e r i o d .  
S t o c k  s i z e s  began t o  r e c o v e r  a f t e r  t h e  mid-1950s; by 1970, 
a  d i s a s t r o u s  economic s i t u a t i o n  had a r i s e n :  i n v e s t m e n t  i n  
t h e  f i s h e r y  was n o t  c o n t r o l l e d  and a  l a r g e r  and  l a r g e r  f l e e t  
was t h u s  f o r c e d  t o  s h a r e  t h e  same c a t c h .  Beginn ing  i n  1970 a  
program of  l i c e n s e  l i m i t a t i o n  was i n i t i a t e d  t o  d r a m a t i c a l l y  
r e d u c e  t h e  f l e e t  s i z e  a n d ,  presumably,  t o  make t h e  i n d u s t r y  
more e c o n o m i c a l l y  e f f i c i e n t .  
Around 1970 it was r e a l i z e d  t h a t  maximum a v e r a g e  c a t c h e s  
were l i k e l y  t o  r e s u l t  from a  " f i x e d  escapement"  p o l i c y  i n  
which t h e  same number o f  f i s h  a r e  a l l o w e d  t o  spawn e a c h  y e a r .  
T h i s  p o l i c y  was a d o p t e d  and fo rms  t h e  b a s i s  f o r  p r e s e n t  manage- 
ment.  
B r i t i s h  Columbia i s  i n  a  p e r i o d  o f  r a p i d  economic g rowth ,  
and i n  r e c e n t  y e a r s  t h e r e  h a s  been c o n s i d e r a b l e  p r e s s u r e  f o r  
w a t e r s h e d  development .  S e v e r a l  h y d r o e l e c t r i c  dams have been 
proposed ,  a n d  it i s  l i k e l y  t h a t  t h e r e  w i l l  be  u rban  and i n -  
d u s t r i a l  development  n e a r  t h e  r i v e r  mouths.  Thus Environment 
Canada i s  h a v i n g  t o  d e a l  w i t h  a  much b r o a d e r  set  o f  i s s u e s  and 
i n s t i t u t i o n s  ( T a b l e  1 ) .  So f a r ,  t h e  p o l i c y  h a s  been t o  
c o m p l e t e l y  oppose  any  w a t e r s h e d  development  t h a t  migh t  i n f l u e n c e  
salmon p o p u l a t i o n s ;  t h i s  u n y i e l d i n g  a t t i t u d e  w i l l  a l m o s t  c e r t a i n l y  
have  t o  change i n  t h e  n e x t  few d e c a d e s ,  e s p e c i a l l y  i n  r e l a t i o n  
t o  u rban  and  i n d u s t r i a l  development .  
2. Framework f o r  A n a l y s i s  
There  i s  no s i n g l e  problem a b o u t  salmon t o  which we can  
d i r e c t  a p p r o p r i a t e  sys tems  t e c h n i q u e s .  Our c a s e  s t u d y  d e a l s  
w i t h  a  h i e r a r c h i c  set  o f  d e c i s i o n  prob lems ,  a s  shown i n  F i g u r e  3 .  
W e  assume t h a t  broad d e c i s i o n  a b o u t  r e g i o n a l  r e s o u r c e  a l l o c a t i o n  
w i l l  e s t a b l i s h  a  ( t i m e  v a r y i n g )  p o t e n t i a l  f o r  salmon p r o d u c t i o n .  
W i t h i n  t h i s  p o t e n t i a l ,  t h e r e  a r e  some b a s i c  s t r a t e g y  o p t i o n s  
f o r  d e a l i n g  w i t h  t h e  enormous s t o c h a s t i c  v a r i a t i o n  i n  p r o d u c t i o n  
from y e a r  t o  y e a r  ( F i g u r e  2) . Given a  p r o d u c t i o n  s t r a t e g y ,  t h e r e  
a r e  s e v e r a l  o p t i o n s  f o r  d i s t r i b u t i o n  ( u t i l i z a t i o n )  o f  t h e  c a t c h ,  
r a n g i n g  from no c o n t r o l  (open e n t r y  "commons" f i s h e r y )  t o  a  
comple te  government monopoly where t h e  e n t i r e  c a t c h  i s  t a k e n  by 
a  s i n g l e  l a r g e  t r a p .  The p r o d u c t i o n  and u t i l i z a t i o n  s t r a t e g i e s  
t h a t  w e  may s u g g e s t  a r e  o f  no v a l u e  u n l e s s  we can  show t h a t  
t h e s e  s t r a t e g i e s  can  a c t u a l l y  be implemented; t h u s  we a r e  
examining s e v e r a l  p o s s i b l e  implementa t ion  t a c t i c s .  F i n a l l y ,  w e  
a r e  concerned  w i t h  mechanisms t o  t r a n s l a t e  t h e  v a r i a b l e  c a t c h  
s t r e a m  produced by management a c t i o n s  i n t o  a  more s t a b l e  and 
p r e d i c t a b l e  income s t r e a m  f o r  t h e  f i s h e r m e n .  
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W e  a r e  a t t e m p t i n g  t o  a n a l y z e  t h e  d e c i s i o n  sys tem o f  F i g u r e  3 
i n  two s t e p s .  F i r s t ,  w e  a r e  d o i n g  a  series of s i m p l e  o p t i m i -  
z a t i o n s  a c r o s s  o p t i o n s  a t  e a c h  of  t h e  d e c i s i o n  l e v e l s ,  assuming 
an  o p t i m a l  i n p u t  p a t t e r n  from t h e  h i g h e r  l e v e l s  and p e r f e c t  con- 
t r o l  a t  t h e  lower  l e v e l s .  T h i s  f i r s t  s t e p  should  a l l o w  u s  t o  
d i s c a r d  some o p t i o n s  t h a t  a r e  c l e a r l y  i n f e r i o r  under  most 
o b j e c t i v e  f u n c t i o n s .  Second, w e  a r e  t r y i n g  t o  e v a l u a t e  a  sample 
o f  t h e  more p romis ing  o v e r a l l  o p t i o n s  ( c o m b i n a t i o n s  o f  o p t i o n s  
f rom a l l  f i v e  l e v e l s )  f o r  changes  i n  op t ima  t h a t  migh t  r e s u l t  
from p o l i c y  f a i l u r e ,  i m p e r f e c t  c o n t r o l  a t  t h e  v a r i o u s  l e v e l s ,  
o r  c h a n g e s  i n  o b j e c t i v e  f u n c t i o n s .  T h i s  second s t e p  i s  e s s e n t i -  
a l l y  a  s i m u l a t i o n  e x e r c i s e .  
3 .  A n a l y t i c a l  P r o c e d u r e s  
T h i s  s e c t i o n  g i v e s  an overv iew of  t h e  d e c i s i o n  o p t i o n s  and 
a n a l y t i c a l  p r o c e d u r e s  w e  a r e  u s i n g  f o r  e a c h  o f  t h e  d e c i s i o n  
l e v e l s  shown i n  F i g u r e  3 .  Each of  t h e  a n a l y s e s  d e s c r i b e d  h e r e  
i s  i n t e n d e d  t o  p r o v i d e  a  d i f f e r e n t  p e r s p e c t i v e  f o r  d e c i s i o n  
makers ;  we f e e l  t h a t  a  v a r i e t y  o f  p e r s p e c t i v e s  should  be u s e f u l  
even  i f  no s i n g l e  c o h e r e n t  d e c i s i o n  framework c a n  b e  deve loped .  
Leve l  I: Regiona l  Resource D e c i s i o n s  
I n  c o o p e r a t i o n  w i t h  Environment Canada, t h e  B r i t i s h  Columbia 
Resources  S e c r e t a r i a t  ( f o r e s t r y ,  r e c r e a t i o n a l  f i s h e r i e s  and w i l d -  
l i f e ) ,  and w i t h  B r i t i s h  Columbia Hydro ( e n e r g y ) ,  we have d e v e l -  
oped a  l a r g e - s c a l e  s i m u l a t i o n  model f o r  t h e  Skeena System. T h i s  
model i s  d e s i g n e d  t o  examine long- range  ( t h i r t y  t o  f i f t y  y e a r s )  
p a t t e r n s  o f  w a t e r s h e d  development ,  and c o n s i s t s  o f  f i v e  b a s i c  
components:  
1 )  A s y n t h e t i c  hydro logy  submodel t o  g e n e r a t e  r u n o f f  
p a t t e r n s  (monthly)  a c r o s s  t h e  w a t e r s h e d ;  
2 )  A h y d r o e l e c t r i c  dam submodel t h a t  c a n  a c c e p t  a l t e r n a -  
t i v e  s i t i n g ,  c o n s t r u c t i o n  t i m i n g ,  o p e r a t i o n  d e c i s i o n s ,  
and c a n  produce r e g u l a t e d  s t o r a g e  and w a t e r  f l o w  p a t -  
t e r n s  f o r  any r u n o f f  i n p u t  sequence ;  
3 )  A w a t e r  q u a l i t y  submodel t o  s i m u l a t e  t r a n s p o r t  and 
d e g r a d a t i o n  of  p o l l u t a n t s ,  p a r t i c u l a r l y  s i l t  ( a s -  
s o c i a t e d  w i t h  hydro  dam c o n s t r u c t i o n  and f o r e s t r y ) ;  
4 )  A p o p u l a t i o n  dynamics  submodel f o r  t h e  major  salmon 
and s t e e l h e a d  s u b p o p u l a t i o n s  ( t h e r e  a r e  n i n e t e e n  of  
t h e s e )  t h a t  u s e  v a r i o u s  p a r t s  o f  t h e  w a t e r s h e d ;  
p o p u l a t i o n  changes  and y i e l d s  a r e  r e p r e s e n t e d  a s  a  
f u n c t i o n  o f  h a r v e s t i n g  p o l i c y ,  w a t e r  f low,  w a t e r  
q u a l i t y ,  a c c e s s  t o  spawning a r e a s  ( a s  a f f e c t e d  by 
dams and f o r e s t r y  o p e r a t i o n s ) ,  and enhancement p o l i c y  
( h a t c h e r i e s ,  spawning c h a n n e l s ,  e t c . ) ;  and 
5 )  A r e c r e a t i o n a l  f i s h i n g  submodel t o  p r e d i c t  r e c r e -  
a t i o n a l  demand and c a t c h e s  i n  r e l a t i o n  t o  f i s h i n g  
q u a l i t y  and  t o  a l t e r n a t i v e  r e g i o n a l  p o p u l a t i o n  growth 
p a t t e r n s  ( a s  might  a r i s e  from d i f f e r e n t  economic 
development  p o l i c i e s ) .  
T h i s  model c an  a c c e p t  a  b e w i l d e r i n g  v a r i e t y  o f  deve lop-  
ment p o l i c i e s  and t a c t i c a l  o p t i o n s  ( e . g .  f i s hways  t o  a l l o w  
salmon pa s sage  a round  dams) ;  s o  f a r  we have used  t h e  model 
o n l y  i n  a  gaming format  w i t h  t h e  c o o p e r a t i n g  a g e n c i e s  t o  o b t a i n  
a  b road  p i c t u r e  o f  p o t e n t i a l  development  impact  on salmon. 
Our r e s u l t s  s u g g e s t  t h a t  t h e r e  a r e  on ly  a  few h y d r o e l e c t r i c  
development  o p t i o n s  t h a t  would s e r i o u s l y  a f f e c t  t h e  salmon, 
and t h e s e  o p t i o n s  have low p r i o r i t y  w i t h  B r i t i s h  Columbia Hydro. 
C l e a r l y  w e  need a  more s y s t e m a t i c  p r ocedu r e  f o r  i d e n t i f y i n g ,  
t e s t i n g ,  and  e v a l u a t i n g  t h e  v a r i o u s  broad o p t i o n s .  
Leve l  11: Produc t i on  S t r a t e g y  Dec i s i ons  
The r e g i o n a l  r e s o u r c e  model l ing  p r o v i d e s  a l t e r n a t i v e  
o p e r a t i n g  c o n t e x t s  f o r  salmon p r o d u c t i o n ,  exp r e s s ed  i n  terms 
of  p o t e n t i a l  s t o c k  p r o d u c t i v i t i e s  and e q u i l i b r i u m  s t o c k  s i z e s  
( c a r r y i n g  c a p a c i t i e s )  ove r  t i m e .  For any c o n t e x t ,  w e  u s e  
s t o c h a s t i c  dynamic programming t o  d e r i v e  o p t i m a l  c o n t r o l  laws 
f o r  salmon h a r v e s t i n g .  These c o n t r o l  laws s p e c i f y  o p t i m a l  
h a r v e s t  r a t e  ( p r o p o r t i o n  o f  f i s h  caugh t  e ach  y e a r )  a s  a  f u n c t i o n  
of  s t o c k  s i z e  f o r  a  v a r i e t y  of  p o s s i b l e  o b j e c t i v e  f u n c t i o n s .  
W e  have  deve loped  such  o p t ima l  c o n t r o l  s o l u t i o n s  under  t h e  
assumpt ion  t h a t  wate rshed  c o n d i t i o n s  w i l l  n o t  change f o r  ob- 
j e c t i v e  f u n c t i o n s  emphasizing t r a d e o f f s  between mean and 
v a r i a b i l i t y  of  c a t c h e s  ( F i g u r e  4 ) .  These s o l u t i o n s  t a k e  accoun t  
of  t h e  enormous s t o c h a s t i c  v a r i a t i o n  t h a t  h a s  been observed  i n  
salmon p roduc t i on ;  t h e y  should  a l s o  b e  c l o s e  t o  o p t i m a l  f o r  
management r e sponse  t o  o c c a s i o n a l  human d i s t u r b a n c e s  ( e . g .  dam 
c o n s t r u c t i o n ,  p u l s e s  of  t o x i c  mine w a s t e , )  t h a t  do  n o t  have a  
p e r s i s t e n t  e f f e c t  on wate rshed  c o n d i t i o n  b u t  may c a u s e  d r a m a t i c  
s t o c k  c o l l a p s e  f o r  a  few y e a r s .  
R ecen t l y ,  S o v i e t  s c i e n t i s t s  have c a l l e d  a t t e n t i o n  t o  t h e  
i n t e r n a l  complex i ty  of  f i s h  p o p u l a t i o n s ;  e s s e n t i a l l y  it a p p e a r s  
t h a t  e v e r y  managed p o p u l a t i o n  a c t u a l l y  c o n s i s t s  o f  many 
g e n e t i c a l l y  and dynamica l ly  s p e c i a l i z e d  s u b u n i t s ,  ana logous  
t o  f i r m s  w i t h i n  an  economic o r  i n d u s t r i a l  s e c t o r  ( F i g u r e  5 ) .  
For  t h e  salmon, t h e s e  s u b u n i t s  c anno t  be h a r v e s t e d  s e p a r a t e l y ;  
w e  have shown by dynamic programming t h a t  long-term h a r v e s t s  
c a n  be  improved s i g n i f i c a n t l y  i f  t h e  o v e r a l l  h a r v e s t  r a t e  i s  
modif ied  t o  r e f l e c t  subpopu l a t i on  compos i t ion  ( F i g u r e  6 ) .  
That  i s ,  a  b i t  o f  e x t r a  moni tor ing  (compos i t ion  a s  w e l l  a s  
t o t a l  abundance)  may buy e x t r a  r e t u r n s  even i f  complex ha r -  
v e s t i n g  schemes a r e  i m p r a c t i c a l .  
Moving beyond s imple  s t o c h a s t i c  o p t i m i z a t i o n ,  w e  have 
been e xpe r imen t ing  w i t h  v a r i o u s  schemes f o r  a d a p t i v e  o r  " dua l "  
c o n t r o l .  W e  have examined s e v e r a l  methods f o r  e s t i m a t i n g  s t o c k  
p r o d u c t i o n  pa r ame te r s ,  and have found t h a t  r e c u r s i v e  r e g r e s s i o n  
t e c h n i q u e s  (Kalman f i l t e r i n g )  w i t h  h i g h  r a t e s  o f  d a t a  d i s -  
c o u n t i n g  g i v e  v e r y  good c o n t r o l  o f  mixed, complex s i m u l a t e d  
p o p u l a t i o n s  even when t h e  r e g r e s s i o n  model i s  s imp le  ( F i g u r e  7 ) .  
We have a l s o  o b t a i n e d  a  few c lo s ed - loop  c o n t r o l  law s o l u t i o n s  
f o r  s i t u a t i o n s  where t h e  model parameter  e s t i m a t e s  and t h e  param- 
eter c o v a r i a n c e  s t r u c t u r e  a r e  c o n s i d e r e d  p a r t  o f  t h e  sys tem 
s t a t e .  These s o l u t i o n s  have been o b t a i n e d  w i t h  dynamic pro-  
gramming where Bayesian p r e - p o s t e r i o r  a n a l y s i s  i s  c o n s i d e r e d  
p a r t  o f  t h e  s t age - t o - s t age  p r o c e s s  o f  s t a t e  t r a n s i t i o n .  Such 
c lo sed - loop  a d a p t i v e  s o l u t i o n s  a r e  d r a m a t i c a l l y  d i f f e r e n t  from 
ou r  s t o c h a s t i c  programming s o l u t i o n s ,  b u t  w e  a r e  n o t  y e t  c e r t a i n  
what i m p l i c a t i o n s  t h i s  h a s  f o r  management p r a c t i c e .  
F i n a l l y ,  w e  have been t r y i n g  t o  d e s i g n  h a r v e s t  manipu- 
l a t i o n  expe r imen t s  t o  h e l p  i d e n t i f y  t h e  u n d e r l y i n g  form of  t h e  
e c o l o g i c a l  p roduc t i on  f u n c t i o n  ( F i g u r e  8 ) .  Simu la t i on  gaming 
i s  used  t o  i d e n t i f y  e f f e c t i v e  expe r imen t s  i n  t h e  f a c e  o f  a l t e r -  
n a t i v e  model p r o p o s a l s ,  and d e c i s i o n  a n a l y s i s  i s  t h e n  used t o  
s o r t  o u t  t h o s e  expe r imen t a l  a l t e r n a t i v e s  w i t h  t h e  b e s t  expec ted  
payof f  . 
Tab le  2 shows a  spec t rum o f  o p t i o n s  f o r  o r g a n i z a t i o n  o f  
t h e  f i s h i n g  i n d u s t r y ,  and a  q u a l i t a t i v e  r a t i n g  o f  t h e s e  o p t i o n s  
f o r  s e v e r a l  b e n e f i t  i n d i c a t o r s .  I n  t h e  f u t u r e  w e  w i l l  d eve lop  
t h i s  o p t i o n s - i n d i c a t o r s  t a b l e  much more f u l l y ,  s u b s t i t u t i n g  a  
more comprehensive and q u a n t i t a t i v e  set  o f  i n d i c a t o r s .  Some 
o f  t h e s e  i n d i c a t o r s  c an  be  r e a d i l y  computed from h i s t o r i c a l  
d a t a ;  o t h e r s  c an  be deve loped  by making l ong  s t o c h a s t i c  s imula-  
t i o n s  u s i n g  c a t c h  d i s t r i b u t i o n s  g e n e r a t e d  i n  t h e  Leve l  I1 
p r o d u c t i o n  a n a l y s i s .  
W e  e x p e c t  t h a t  a  s m a l l  set  of  dominant  o p t i o n s  w i l l  emerge 
from t h e  spec t rum i n  Tab l e  2 .  T h i s  s m a l l e r  set  c a n  be examined 
i n  r e l a t i o n  t o  a  r e s t r i c t e d  s e t  o f  i n d i c a t o r s ,  u s i n g  m u l t i -  
a t t r i b u t e  t h e o r y .  Ra ther  t h a n  s p e c i f y  a  s i n g l y  b e s t  o p t i o n ,  w e  
would p r e f e r  t o  i d e n t i f y  r a n g e s  of  i n d i c a t o r  we igh t i ngs  f o r  
which each  o f  t h e  o p t i o n s  would be o p t i m a l  ( i n v e r s e  o b j e c t i v e  
f u n c t i o n  a n a l y s i s ) .  From p r e l i m i n a r y  a n a l y s e s ,  t h e  most promis- 
i n g  o p t i o n s  appear  t o  be: 
1) Open e n t r y  w i t h  t a x a t i o n  t o  l i m i t  i nve s tmen t  and 
p r o v i s i o n  o f  i n s u r a n c e  a g a i n s t  d i s a s t e r s ;  
2) R e s t r i c t e d  e n t r y  w i t h  l i c e n s e s  v a l i d  o n l y  i n  s p e c i -  
f  i e d  f i s h i n g  t e r r i t o r i e s ;  and 
3)  Monopoly t r a p  system: do ing  away e n t i r e l y  w i t h  t h e  
f i s h i n g  f l e e t .  
P r e s e n t  management i s  c l o s e  t o  o p t i o n  2; e v a l u a t i o n  o f  o p t i o n  
1  w i l l  r e q u i r e  u s  t o  dev e lop  a  good dynamic model f o r  i n v e s t -  
ment and d i s i n v e s t m e n t  i n  t h e  f i s h i n g  f l e e t  ( " p o p u l a t i o n  dynamics" 
o f  t h e  f i s h e r m e n ) .  
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W e  have u n d e r t a k e n  a  m u l t i - a t t r i b u t e  u t i l i t y  a n a l y s i s  o f  
p r e f e r e n c e s  o f  v a r i o u s  p e o p l e  i n t e r e s t e d  i n  sa lmon.  We 
e x p l i c i t l y  r e c o g n i z e  f i v e  i n t e r e s t  g r o u p s  i n  t h i s  s t u d y :  ( 1 )  
t r o l l  f i s h e r m e n ;  ( 2 )  n e t  f i s h e r m e n ;  ( 3 )  s p o r t s  f i s h e r m e n  and 
i n d u s t r y ;  ( 4 )  I n d i a n s ;  and ( 5 )  r e g i o n a l  p u b l i c .  W e  have used  
t h e  s t a n d a r d  methods o f  m u l t i - a t t r i b u t e  u t i l i t y  a n a l y s i s  t o  
c o n s t r u c t  u t i l i t y  f u n c t i o n s  f o r  e a c h  o f  t h e s e  f i v e  g r o u p s ,  
u s i n g  members o f  t h e  Ecology P r o j e c t  t o  p r e t e n d  t h e y  a r e  p a r t  
o f  t h e  s p e c i f i c  i n t e r e s t  g roup .  I n  1976 we s h a l l  a t t e m p t  
t o  r e p e a t  t h e  a n a l y s i s  on t h e  r e a l  members o f  t h e  i n t e r e s t  
g roup .  Using t h e  u t i l i t y  f u n c t i o n s  we have d e r i v e d ,  we c a n  
a n a l y z e  any  proposed development  scheme t o  i d e n t i f y  c o n f l i c t s  
between g r o u p s .  I t  i s  o u r  hope t o  u s e  t h i s  a n a l y s i s  t o  g e n e r a t e  
some new p r o p o s a l s  f o r  deve lopment  t h a t  i n v o l v e  less c o n f l i c t  
and a r e  i n  some s e n s e  " b e t t e r " .  
Leve l  111: Implementa t ion  T a c t i c s  
The a n a l y s e s  a t  L e v e l s  I1 and I11 c a n  p r o v i d e  i d e a l i z e d  
t a r g e t s  f o r  management, b u t  t h e y  w i l l  r emain  academic e x e r c i s e s  
u n l e s s  we c a n  d e m o n s t r a t e  p r a c t i c a l  ways t o  implement them. 
The b i g g e s t  p r a c t i c a l  d i f f i c u l t i e s  o c c u r  w i t h i n  e a c h  f i s h i n g  
s e a s o n  when r e g u l a t i o n s  a r e  m o d i f i e d  f rom week t o  week a s  
c a t c h e s  a c c u m u l a t e  and s t o c k  s i z e  f o r e c a s t s  a r e  r e v i s e d .  A t  
p r e s e n t ,  t h e  key c o n t r o l  v a r i a b l e  i s  t h e  number o f  d a y s  open 
f o r  f i s h i n g  e a c h  week, though  t h e r e  i s  some r e g u l a t i o n  o f  t h e  
t y p e  o f  f i s h i n g  g e a r  ( s i z e  and t y p e  o f  n e t s ) .  Though t h e r e  is  
l i c e n s e  l i m i t a t i o n ,  f i s h i n g  e f f o r t  c a n  change  d r a m a t i c a l l y  
f rom week t o  week; f i s h e r m e n  a r e  f r e e  t o  d e c i d e  when t o  g o  o u t ,  
and whole f l e e t s  c a n  move f rom one r i v e r  s y s t e m  t o  a n o t h e r .  
A  few of t h e  u t i l i z a t i o n  s t r a t e g i e s  a t  L e v e l  I1 c a l l  f o r  
t h e  e l i m i n a t i o n  o f  w i t h i n - s e a s o n  r e g u l a t i o n  o f  t o t a l  c a t c h .  
I n  a l l  c a s e s  it w i l l  be n e c e s s a r y  t o  h a v e  mechanisms f o r  
d i s t r i b u t i n g  t h e  c a t c h  a c r o s s  t h e  f i s h i n g  s e a s o n ;  p r o c e s s i n g  
( p a c k i n g  and c a n n e r y )  f a c i l i t i e s  a r e  l i m i t e d ,  and t h e r e  i s  
r i s k  o f  g e n e t i c  damage t o  t h e  s t o c k s  i f  t h e  f i s h  r u n n i n g  a t  
a n y  t i m e  r e c e i v e  much h e a v i e r  e x p l o i t a t i o n  t h a n  t h e  f i s h  r u n n i n g  
a t  o t h e r  t i m e s .  
There  a r e  two e x t r e m e  o p t i o n s :  
1 )  An e l a b o r a t e  a d a p t i v e  c o n t r o l  s y s t e m  i n v o l v i n g  
s t a t i s t i c a l  r u n  and  e f f o r t  f o r e c a s t s ,  c l o s e  m o n i t o r i n g  
o f  c a t c h e s  and  escapements ,  and weekly m o d i f i c a t i o n  
o f  r e g u l a t i o n s ;  a n d  
2 )  A  s i m p l e r  and less c o s t l y  f i x e d  r e g u l a t i o n  sys tem i n  
which p r e s e a s o n  s t o c k  f o r e c a s t s  a r e  used  t o  set a  
s c h e d u l e  o f  weekly r e g u l a t i o n s  t h a t  i s  n o t  m o d i f i e d  
d u r i n g  t h e  f i s h i n g  s e a s o n .  
F i g u r e  9 shows one  s t r u c t u r e  t h a t  we have d e v e l o p e d  f o r  adap- 
t i v e ,  w i t h i n - y e a r  c o n t r o l ;  we have  comple ted  most  t h e  d a t a  
a n a l y s i s  n e c e s s a r y  t o  f i l l  i n  t h e  f u n c t i o n a l  components  o f  t h i s  
sys tem.  Using t h e  d a t a  and r e l a t i o n s h i p s  deve loped  f o r  a d a p t i v e  
c o n t r o l ,  it is  a  s imp le  m a t t e r  t o  d e s i g n  r e a s o n a b l e  r u l e s  f o r  
e s t a b l i s h i n g  f i x e d  r e g u l a t i o n s .  
W e  have t e s t e d  a l t e r n a t i v e  r e g u l a t o r y  o p t i o n s  by s t o c h a s t i c  
s i m u l a t i o n  ( F i g u r e  1 0 ) .  Adequate d a t a  a r e  a v a i l a b l e  t o  e s t a b l i s h  
bounds and p r o b a b i l i t i e s  f o r  t h e  v a r i e t y  o f  i n p u t  s i t u a t i o n s  
( f o r e c a s t  e r r o r s ,  changes  i n  t im ing  of  f i s h  movements, changes  
i n  f i s h i n g  power p e r  u n i t  o f  e f f o r t )  t h a t  any c o n t r o l  system i s  
l i k e l y  t o  f a c e  i n  p r a c t i c e .  By compu te r i z i ng  t h e  c o n t r o l  system 
and f e e d i n g  it a  s t o c h a s t i c  s t r e am of  i n p u t  s i t u a t i o n s ,  w e  
have e s t a b l i s h e d  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  d e v i a t i o n s  from 
t a r g e t  c a t c h e s .  These p r o b a b i l i t y  d i s t r i b u t i o n s  a r e  f e d  upward 
a s  i n p u t  f o r  more r e f i n e d  s i m u l a t i o n  and o p t i m i z a t i o n  mode l l i ng  
a t  d e c i s i o n  Level  11. 
Level  X :  L e s t  We Fo rge t  People  
Some management c h o i c e s  a t  d e c i s i o n  L eve l s  I1 and 111 might  
p roduce  good o v e r a l l  b i o l o g i c a l  o r  economic r e t u r n s ,  y e t  may b e  
una c c e p t ab l e  o r  ex t r eme ly  h a r s h  f o r  t h e  i n d i v i d u a l  f i s he r man .  
C e r t a i n l y  t h e  maximum y i e l d ,  f i x e d  escapement p r o d u c t i o n  p o l i c i e s  
a r e  o f  t h i s  t y p e :  t h e y  r e s u l t  i n  t h e  h i g h e s t  a v e r a g e  c a t c h e s ,  
b u t  a l s o  t h e  g r e a t e s t  year - to -year  v a r i a t i o n  i n  c a t c h e s .  Under 
c u r r e n t  p o l i c y ,  f i she rmen  w i l l  be  f o r c e d  t o  u s e  e x i s t i n g  f e d e r a l  
and p r o v i n c i a l  unemployment i n s u r a n c e  programs when no c a t c h e s  
a r e  a l lowed.  
An a l t e r n a t i v e  t o  c u r r e n t  p o l i c y  would be t o  i n t e r n a l i z e  
t h e  unemployment i n s u r a n c e  sys tem,  by t a x i n g  c a t c h e s  i n  t h e  
good y e a r s  and f e e d i n g  t h i s  money back t o  t h e  f i s he r men  i n  
t h e  bad y e a r s .  The s i m p l e s t  sys tem i s  t o  a l l o w  each  f i s h i n g  
b o a t  t o  choose  a  minimum gua ra n t eed  income l e v e l ,  and t o  impose 
a  p r o p o r t i o n a l  t a x  on income above t h i s  l e v e l .  S imu la t i on  and 
dynamic programming have been used t o  e s t i m a t e  t h e  n e c e s s a r y  
t a x  r a t e  f o r  any d e s i r e d  minimum income l e v e l  i n  c o n j u n c t i o n  
w i t h  v a r i o u s  management s t r a t e g i e s  from L e v e l s  11 and 111. 
An added b e n e f i t  from some s o r t  of t a x / i n s u r a n c e  system 
would be  t o  g i v e  Environment Canada more f l e x i b i l i t y  i n  
c hoos i n g  b a s i c  h a r v e s t  s t r a t e g i e s .  Under e x i s t i n g  p o l i c y ,  it 
would probably  be p o l i t i c a l l y  d i s a s t r o u s  t o  s h u t  down t h e  
Skeena f i s h e r y  f o r  even  one y e a r ;  any  p r o p o s a l  of t h a t  s o r t  
would a lmos t  c e r t a i n l y  be t u rn ed  down by t h e  M i n i s t e r  o f  t h e  
Environment.  
4 .  Coping With t h e  Unexpected: P o l i c y  R e s i l i e n c e  A n a l y s i s  
For  e a c h  o f  t h e  t h r e e  d e c i s i o n  l e v e l s  shown i n  F i g u r e  3 ,  
o u r  a n a l y s e s  a r e  e x p l i c i t l y  d i r e c t e d  a t  s t o c h a s t i c  v a r i a b i l i t y .  
However, it would be f o o l i s h  t o  assume t h a t  we have t hough t  
of e v e r y  p o s s i b l e  s o u r c e  of v a r i a b i l i t y  and u n c e r t a i n t y ,  o r  
t h a t  t h e r e  w i l l  never  be more ex t reme c o n d i t i o n s  t h a n  w e  have 
d e t e c t e d  and r e p r e s e n t e d  from h i s t o r i c a l  d a t a .  I t  i s  ea s y  t o  
l i s t  a few o f  t h e  p o s s i b i l i t i e s :  
1 )  A new s o u r c e  o f  p o l l u t i o n  i n  t h e  wate rshed  c o u l d  
dec ima te  s t o c k s  b e f o r e  it c o u l d  be  d e t e c t e d  and 
c o n t r o l l e d ;  
2 )  The i n t e r n a t i o n a l  t r e a t y  sys tem cou ld  f a i l ,  r e s u l t i n g  
i n  o v e r e x p l o i t a t i o n  by h i g h  s e a s  f i s h i n g ;  
3 )  Disea se  organ isms ,  a l g a e  blooms o r  some o t h e r  a g e n t ,  
cou ld  wipe o u t  enhancement p r o d u c t i o n  ( a t  l e a s t  f o r  
a  few y e a r s )  ; 
4) S e v e r a l  d rough t  o r  f l o o d  y e a r s  c o u l d  o c c u r  i n  
sequence ,  w i t h  e s p e c i a l l y  d i s a s t r o u s  e f f e c t s  on 
p ink  salmon; 
5 )  An economic d e p r e s s i o n  c o u l d  d r a s t i c a l l y  lower t h e  
v a l u e  o f  c a t c h e s ,  and s t i m u l a t e  t h e  government t o  
i n v e s t  i n  o t h e r  r e s o u r c e  developments  ( e - g .  hydro-  
e l e c t r i c  dams) . 
The p o s s i b i l i t i e s  a r e  a lmos t  e n d l e s s ,  b u t  t h e  key p o i n t  
i s  t h a t  something bad i s  bound t o  happen, and p o l i c y  combi- 
n a t i o n s  w i t h  poor performance i n  t h e  f a c e  o f  t h e  unexpec ted  
shou ld  be  i d e n t i f i e d  and avo ided .  For  example, it would be  
f o o l i s h  t o  a l l o w  t h e  development  o f  a  v e r y  l a r g e  f i s h i n g  f l e e t  
comp le t e ly  dependent  on enhancement ( h a t c h e r y )  p r oduc t i on ;  
should  any p roduc t i on  f a i l u r e  o c c u r ,  t h i s  f l e e t  would become 
a s e r i o u s  economic burden ( w i t n e s s  t h e  Peruvian  a n c h o v e t t a  
f i s h e r y )  . 
The hope i s  t h a t  w e  w i l l  b e  a b l e  t o  i d e n t i f y  r e s i l i e n t  
p o l i c y  combina t ions  t h a t  a r e  n e a r l y  a s  p r o d u c t i v e  a s  t h e  b e s t  
o f  t h e  u n s a f e  o p t i o n s .  T h i s  i s  n o t  l i k e l y ;  u s u a l l y  t h e  most 
p r o d u c t i v e  o r  p r o f i t a b l e  p o l i c i e s  a r e  a l s o  t h e  most r i s k y .  
W e  a r e  n o t  i n  a  p o s i t i o n  t o  judge and weigh t h e  r i s k  a v e r s i o n s  
of  t h e  v a r i o u s  i n t e r e s t  g r oups  i nvo lved  i n  salmon management; 
t h e s e  a r e  p o l i t i c a l  problems.  Our t a s k  w i l l  be  t o  p r e s e n t  t h e  
p r o d u c t i o n - r i s k  t r a d e o f f  s o  t h a t  it can  be  c l e a r l y  unders tood  
by d e c i s i o n  makers.  
COASTLINE AND ADJACENT 
OF BRITISH COLUMBIA 
0 50 100 
F i g u r e  1 .  Regiona l  c o n t e x t  f o r  salmon management 
( B r i t i s h  Columbia, Canada) :  c o n f l i c t i n g  
w a t e r  u s e s ;  s e v e r a l  f i s h i n g  f l e e t s ;  many 
r i v e r  sys tems;  many p o p u l a t i o n s  w i t h  
d i f f e r e n t  p r o d u c t i v i t i e s ;  management 
c l i e n t s  n o t  c l e a r l y  d e f i n e d .  
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F i g u r e  2 .  H i s t o r i c a l  changes i n  Skeena 
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F i g u r e  4 .  Optimal  h a r v e s t  s t r a t e g i e s  i n  
r e l a t i o n  t o  a c t u a l  management 
p r a c t i c e :  c a n  we show an  
i n c r e m e n t a l  d i r e c t i o n  f o r  
improvement? 
F i g u r e  5.  Areas  o f  r e d f i s h  
e l e m e n t a r y  p o p u l a t i o n s  
(NN 1 - 2 2 )  on t h e  
Newfoundland bank. 
L o c a t i o n  of t r a w l  c a t c h e s  
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3 .3 .  Regiona l  Energy/Environment Case S t u d y  
W . K .  F o e l l  
T h i s  p r o j e c t  was i n i t i a t e d  e a r l y  i n  1 9 7 5 .  The r e -  
s e a r c h  p r o j e c t  i s  t h e  development  and compar i son  o f  a  
s e t  o f  c a s e  s t u d i e s  o f  r e g i o n a l  e n e r g y / e n v i r o n m e n t a l  
s y s t e m s .  The c a s e  s t u d i e s  a r e  t h e  f o c u s  o f  t h e  a p p l i -  
c a t i o n  o f  a n  a r r a y  o f  s y s t e m s  a n a l y s i s  t o o l s  a s  p r a c -  
t i c e d  by t h e  m e t h o d o l o g i s t s  o f  a  number o f  IIASA r e -  
s e a r c h  g r o u p s .  A s  a  r e s u l t  o f  t h e  c a s e  s t u d i e s ,  it i s  
hoped (and  it i s  a l r e a d y  p r o v i n g  t r u e )  t h a t  new c o n c e p t s  
and m e t h o d o l o g i e s  w i l l  b e  deve loped  f o r  t h e  management 
o f  e n e r g y  and e n v i r o n m e n t a l  s y s t e m s .  
The d e s c r i p t i o n  h e r e  i s  d i v i d e d  i n t o  two p a r t s .  
P a r t  I p r e s e n t s  t h e  r e s e a r c h  p r o j e c t  a s  o r i g i n a l l y  con- 
c e i v e d  and l a i d  o u t  by F o e l l  a t  IIASA. P a r t  I1 p r e s e n t s  a  
b r i e f  s y n o p s i s  o f  some of  t h e  c u r r e n t  deve lopments  w i t h i n  
t h e  r e s e a r c h  p r o j e c t ;  t h e  c o u r s e  o f  t h e  p r o j e c t  r e m a i n s  
e s s e n t i a l l y  a s  d e s c r i b e d  i n  t h e  o r i g i n a l  r e s e a r c h  p r o p o s a l .  
P a r t  I .  I n t e g r a t e d  Energy System Plode l l ing  
and P o l i c y  A n a l y s i s :  
A D e s c r i p t i o n  o f  an  IIASA Research  Program 1 
1.  I n t r o d u c t i o n  
P a r t  I d e s c r i b e s  a n  IIASA r e s e a r c h  program which was 
i n i t i a t e d  e a r l y  i n  1975 .  The r e s e a r c h  p r o j e c t  n o t  o n l y  c u t s  
a c r o s s  a  number o f  d i s c i p l i n e s  and  g r o u p s  a t  IIASA, b u t  i s  
a l s o  c o n d u c t e d  i n  c l o s e  c o o p e r a t i o n  w i t h  e x t e r n a l  r e s e a r c h  
i n s t i t u t e s  i n  IIASA member c o u n t r i e s .  T h i s  p a p e r  l a y s  o u t  
a  proposed i n i t i a l  r e s e a r c h  s t r u c t u r e  and i n t e r i n s t i t u t i o n a l  
framework a s  a  b a s i s  f o r  t h e  work of  t h e  coming months .  I t  
i s  t h e  r e s u l t  of  a  s y n t h e s i s  o f  my i n i t i a l  c o n c e p t i o n  of  t h i s  
r e s e a r c h  and a  d i s t i l l a t i o n  o f  t h e  i n p u t  and s u g g e s t i o n s  from 
s e v e r a l  i n d i v i d u a l s  a t  IIASA. Although t h e  r e s e a r c h  i s  a l -  
r e a d y  w e l l  underway w i t h i n  t h e  g e n e r a l  framework d e s c r i b e d  
h e r e ,  t h e  program s t r u c t u r e  i s  meant t o  b e  f l e x i b l e  and dynamic. 
As t h e  c o l l a b o r a t i n g  i n s t i t u t i o n s  p l a y  an  i n c r e a s i n g  r o l e  i n  
t h e  coming months ,  it i s  a n t i c i p a t e d  t h a t  program c h a n g e s  w i l l  
e v o l v e  b e c a u s e  o f  t h e  i n n o v a t i v e  n a t u r e  o f  b o t h  t h e  r e s e a r c h  
c o n t e n t  and  t h e  i n t e r i n s t i t u t i o n a l  f o r m a t .  
1 . 1  Background o f  t h e  Research  
Energy P l a n n i n g  and P o l i c y  A n a l y s i s  
Energy h a s  a c h i e v e d  a  new and prominen t  s t a t u s  i n  o u r  
s o c i e t a l  p l a n n i n g  p r o c e s s e s - - i t  i s  becoming a n  e x p l i c i t  r a t h e r  
t h a n  i m p l i c i t  v a r i a b l e .  For  example,  i n  t h e  U n i t e d  S t a t e s ,  
t h i s  phenomenon h a s  o c c u r r e d  a t  a l m o s t  a l l  l e v e l s  of  d e c i s i o n  
making, r a n g i n g  from t h e  home-owner d e v e l o p i n g  h i s  p r e f e r e n c e  
f o r  a  s p e c i f i c  a i r  c o n d i t i o n e r  t y p e  o r  model,  t o  n a t i o n a l  and  
i n t e r n a t i o n a l  d i s c u s s i o n s  o v e r  mechanisms t o  combat i n f l a t i o n  
t h r o u g h  r e d u c t i o n s  of  p e t r o l e u m  demands. P l a n n e r s  i n  t h e  
p u b l i c  and p r i v a t e  s e c t o r s  of  a g r i c u l t u r e ,  a r c h i t e c t u r e ,  u rban  
a n d  t r a n s p o r t a t i o n  sys tems  a r e  b e g i n n i n g  t o  t r e a t  e n e r g y  more 
e x p l i c i t l y .  Because o f  t h e  complex manner i n  which e n e r g y  i s  
i n t e r t w i n e d  w i t h  v i r t u a l l y  a l l  of  t h e  c h a r a c t e r i s t i c s  of  a n  
i n d u s t r i a l i z e d  s o c i e t y ,  t h i s  r e c o g n i t i o n  o f  t h e  impor tance  o f  
e n e r g y  i s  h a v i n g  a  s t r o n g  i n f l u e n c e  on v i r t u a l l y  a l l  t echno-  
l o g i c a l ,  economic and e n v i r o n m e n t a l  dec i s ion-making  b o d i e s .  
s u g g e s t i o n s  and c o n t r i b u t i o n s  t o  t h i s  p a p e r  were a l s o  
p r o v i d e d  by s e v e r a l  i n d i v i d u a l s  a t  IIASA, i n c l u d i n g  t h e  
f o l l o w i n g :  R .  Avenhaus, J .P .  C h a r p e n t i e r ,  R .  Dennis ,  K .  I t o ,  
H .  Knop, W. Nordhaus, B. Sazonov, H .  S t e h f e s t ,  A. Suzuki ,  
H .  Swain, C. W a l t e r s  and J. Weingar t .  
I n  c o n t r a s t  t o  North  America,  e n e r g y  p l a n n i n g  i n  many 
European c o u n t r i e s  h a s  f o r  many y e a r s  p l a y e d  a  more ex-  
p l i c i t  r o l e  i n  t h e  p u b l i c  s e c t o r .  I n  p a r t ,  t h i s  i s  d u e  t o  
t h e  f a c t  t h a t  e n e r g y  h a s  l o n g  been c o n s i d e r e d  a  s c a r e  re- 
s o u r c e  i n  many o f  t h e s e  c o u n t r i e s .  
Energy Embedding a t  t h e  Regiona l  L e v e l  
I n  s e v e r a l  i n d u s t r i a l i z e d  c o u n t r i e s ,  t h i s  g r e a t l y  i n t e n -  
s i f i e d  c o n c e r n  w i t h  energy  p l a n n i n g  h a s  emerged a t  a l l  l e v e l s  
o f  government.  The g r a s s  r o o t s  p u b l i c  c o n c e r n  a b o u t  e n e r g y  
and i t s  e f f e c t  on day-to-day e x i s t e n c e  h a s  s t i m u l a t e d  g r e a t e r  
a c t i o n  on  t h e  p a r t  of  l o c a l ,  s t a t e ,  and r e g i o n a l  governments .  
I t  i s  c l e a r  t h a t  n a t i o n a l  e n e r g y  p o l i c y  f o r m u l a t i o n  must t a k e  
s u b n a t i o n a l  and l o c a l  c h a r a c t e r i s t i c s  i n t o  a c c o u n t .  One major  
r e a s o n  f o r  t h i s  phenomenon o r i g i n a t e s  w i t h  t h e  d i v e r s e  ways 
i n  which e a c h  r e g i o n  w i t h i n  a  n a t i o n  o r  w i t h i n  a  p a r t  o f  t h e  
wor ld  depends  upon energy .  For  example,  a  p r i m a r i l y  consuming 
r e g i o n  t h a t  n e i t h e r  e x t r a c t s  n o r  p r o c e s s e s  p r imary  f u e l  i n  
g e n e r a l  employs a  d i s t i n c t  s e t  o f  o b j e c t i v e s  and v a l u e s  i n  
f o r m u l a t i n g  e n e r g y  p o l i c i e s ;  t h e s e  a r e  i n  most c a s e s  d i f f e r e n t  
f rom t h o s e  i n  a n  energy-producing r e g i o n .  I n  a  s i m i l a r  manner,  
c o n s i d e r a t i o n s  d i f f e r  between i n d u s t r y -  and t o u r i s m - o r i e n t e d  
r e g i o n s ,  between a g r i c u l t u r a l  and u r b a n  r e g i o n s ,  etc .  The 
maze o f  i n t e r d e p e n d e n c i e s  between e n e r g y  and t h e  t o t a l  human 
e n t e r p r i s e  i n  e a c h  r e g i o n  b i n d s  i t s  e n e r g y  p o l i c y  o b j e c t i v e s  
t i g h t l y  t o  t h e  n a t u r a l  and man-made c h a r a c t e r i s t i c s  o f  t h a t  
r e g i o n .  The r e c o g n i t i o n  o f  t h i s  bond h a s  made a p p a r e n t  t h e  
g r e a t  need f o r  an  improved u n d e r s t a n d i n g  o f  e n e r g y  s y s t e m s  
and  t h e i r  embedding i n  s o c i e t y  a t  t h e  r e g i o n a l  l e v e l .  
The major  world  o r  g l o b a l  models  p r o v i d e  l i t t l e  r e g i o n a l  
o r  even  n a t i o n a l  e n e r g y  p o l i c y  g u i d a n c e .  Even t h e  P e s t e l -  
Mesarovic  world  model [ 1 5 ] ,  a l t h o u g h  t r e a t i n g  e n e r g y  a s  an  
e x p l i c i t  v a r i a b l e  i n  a  world  d i v i d e d  i n t o  t e n  r e g i o n s ,  p ro-  
v i d e s  o n l y  l i m i t e d  a s s i s t a n c e  t o  r e g i o n a l  e n e r g y  d e c i s i o n  makers .  
A l t e r n a t i v e  Energy F u t u r e s  
Many n a t i o n a l  and g l o b a l  e n e r g y  s t u d i e s  now underway a r e  
e x p l o r i n g  t h e  consequences  o f  a  spec t rum o f  s u p p l y  s c e n a r i o s ,  
e . g .  t h e  n u c l e a r  f i s s i o n ,  f u s i o n ,  and s o l a r  o p t i o n s .  I n  
a d d i t i o n ,  v a r i o u s  s t u d i e s  a r e  underway t o  p r o v i d e  i n f o r m a t i o n  on 
f u t u r e  e n e r g y  demands. However, c o n s p i c u o u s l y  m i s s i n g  from 
t h e  c u r r e n t  a r r a y  o f  e n e r g y  r e s e a r c h  i s  a  major  c l a s s  o f  
s c e n a r i o s  t h a t  i n t e g r a t e s  demand and s u p p l y  s c e n a r i o s  and t h e i r  
embedding i n  a  s p e c i f i c  r e g i o n a l  env i ronment .  
I t  h a s  been c o n v i n c i n g l y  d e m o n s t r a t e d  many t i m e s  ( e . g .  
F o e l l  [ 7 ] ,  H a f e l e  [ l o ]  t h a t  o v e r  a l m o s t  any c o n c e i v a b l e  t i m e  
p e r i o d  t h e  l i m i t a t i o n  on man ' s  u s e  o f  e n e r g y  w i l l  n o t  be due  
t o  t h e  amount of  e n e r g y  s t o r e d  i n  t h e  e a r t h ,  o r  i n  t h e  s e a ,  
o r  i n  s p a c e .  T h a t  is,  t h e  p o t e n t i a l  e n e r g i e s  f rom b r e e d e r  
r e a c t o r s ,  f u s i o n ,  and t h e  sun a r e  enormous. The l i m i t  w i l l  
most  p r o b a b l y  o r i g i n a t e  from man ' s  i n a b i l i t y  t o  c o n v e r t  t h i s  
e n e r g y  i n t o  a  u s e f u l  form a t  a c c e p t a b l e  c o s t s ,  o r  from h i s  
u n w i l l i n g n e s s  t o  a c c e p t  some o f  t h e  consequences  t h a t  may 
accompany t h e  c o n v e r s i o n  o f  t h e s e  s o u r c e s  o f  e n e r g y  i n t o  
u s e f u l  work. These consequences  may be i n  t h e  form o f  a  b road  
s p e c t r u m  of  e n v i r o n m e n t a l  e f f e c t s  ( w i t h  t h e  t e r m  envi ronment  
used  h e r e  i n  a  v e r y  g e n e r a l  s e n s e )  o r  i n  t h e  form of  u n a c c e p t a b l e  
r isks--many of which w i l l  b e  p o o r l y  u n d e r s t o o d ,  v a g u e l y  p e r -  
c e i v e d ,  o r  even  h y p o t h e t i c a l .  Some o f  t h e s e  consequences  may 
b e  p r i m a r i l y  g l o b a l  i n  n a t u r e ,  b u t  a  m a j o r i t y  o f  them, a l -  
though hav ing  c e r t a i n  u n i v e r s a l  c h a r a c t e r i s t i c s ,  d e r i v e  a  
s p e c i f i c  meaning o n l y  when r e l a t e d  t o  a  g i v e n  r e g i o n  o r  human 
env i ronment .  
A second  o r  p e r h a p s  even  more c o n t r o v e r s i a l  a s p e c t  o f  
m a n ' s  f u t u r e  e n e r g y  sys tems  i s  t h e i r  r e l a t i o n s h i p  t o  economic 
growth and w e l l  b e i n g .  A r e  t h e r e  g l o b a l  o r  r e g i o n a l  l i m i t s  t o  
o u r  e n e r g y  sys tems?  I f  t h e r e  a r e  l i m i t s ,  how c a n  t h e s e  sys tems  
be d e s i g n e d  s o  a s  t o  maximize human w e l f a r e ?  What would b e  t h e  
economic consequences  o f  such  l i m i t s  f o r  t h e  less e n e r g y - i n t e n -  
s i v e  c o u n t r i e s  o r  r e g i o n s ;  f o r  t h e  l e s s - d e v e l o p e d  r e g i o n s  and 
c o u n t r i e s ?  W i l l  t h e s e  r e g i o n s  need t o  c o n s i d e r  a l t e r n a t i v e  e n e r g y  
s y s t e m s ,  e . g .  s o l a r  o r  low-energy t e c h n o l o g i e s ?  These q u e s t i o n s  
o f  e n e r g y  r e s o u r c e  management c a n n o t  b e  answered from a  p u r e l y  
g l o b a l  p e r s p e c t i v e .  
1 .2  I n t e g r a t e d  Energy System Model l ing  and P o l i c y  
A n a l y s i s  - An Appl ied  Research  Theme 
I n  s i m p l e s t  t e r m s ,  t h e  r e s e a r c h  p r o j e c t  d e s c r i b e d  h e r e  i s  
t h e  deve lopment  and t h e  compar i son  of  a  set  o f  c a s e  s t u d i e s  o f  
r e g i o n a l  e n e r g y  s y s t e m s .  Wi th in  t h i s  c o n t e x t ,  " r e g i o n a l "  i s  
r a t h e r  i l l - d e f i n e d ,  and r e a l l y  means a n  e n e r g y  sys tem o f  l i m i t e d  
s i z e  s u c h  t h a t  o n e  c a n  examine i t s  c h a r a c t e r i s t i c s  i n  a  r e a s o n -  
a b l y  d e t a i l e d  way s o  a s  t o  p r o v i d e  a  d e g r e e  o f  d i s a g g r e g a t i o n  
s u f f i c i e n t  t o  a l l o w  s i g n i f i c a n t  p o l i c y  a n a l y s i s .  I n  t h e  c a s e  
o f  t h e  Wisconsin r e g i o n a l  s t u d y ,  a  p r o t o t y p e  e n e r g y  sys tem f o r  
t h i s  r e s e a r c h  p r o j e c t ,  t h e  r e g i o n  was t h e  S t a t e  o f  Wisconsin [8]. 
I n  t h e  c a s e  o f  a  s m a l l  n a t i o n ,  t h e  r e g i o n  may b e  t h e  e n t i r e  
c o u n t r y .  
The pr imary  p u r p o s e s  o f  t h e  s t u d y  a r e  a t  l e a s t  t h r e e - f o l d :  
1 )  To i d e n t i f y  e x i s t i n g  p a t t e r n s  o f  r e g i o n a l  e n e r g y  u s e  
and s u p p l y  a t  a p p r o p r i a t e  l e v e l s  o f  d i s a g g r e g a t i o n ;  
2 )  To compare a l t e r n a t i v e  m e t h o d o l o g i e s  f o r  r e g i o n a l  
e n e r g y  f o r e c a s t i n g ,  p l a n n i n g ,  and p o l i c y  development ;  
and 
3 )  To u s e  t h e  above  m e t h o d o l o g i e s  t o  examine a l t e r n a t e  
e n e r g y  p o l i c y  s t r a t e g i e s  f o r  e a c h  o f  t h e  r e g i o n s ,  t o  
e x p l o r e  t h e i r  i m p l i c a t i o n s  from v a r i o u s  p e r s p e c t i v e s  
u s i n g  sets of  i n d i c a t o r s  r e l a t e d  t o  e n v i r o n m e n t a l  
i m p a c t s ,  e n e r g y  u s e  e f f i c i e n c y ,  e tc . ,  and t o  e v a l u a t e  
t h e  adequacy o f  t h e  a l t e r n a t i v e  m e t h o d o l o g i e s  a s  
p o l i c y  t o o l s .  
Out of  t h e  above  t h r e e  i t e m s  s h o u l d  e v o l v e  improved 
m e t h o d o l o g i e s  f o r  e n e r g y  s y s t e m s  r e s e a r c h  and p o l i c y  a n a l y s i s .  
The c o m p a r a t i v e  method, i n t e r s e c t i n g  t h e  d i f f e r e n t  d i s c i p l i n e s  
and n a t i o n s  t h a t  would be  i n v o l v e d  i n  t h i s  p r o j e c t ,  s h o u l d  
s e r v e  a s  a  p o w e r f u l  t o o l  t o  t h e  m u t u a l  b e n e f i t  o f  t h e  p a r t i c i -  
p a t i n g  n a t i o n s  a s  w e l l  a s  o f  o t h e r  c o u n t r i e s  f a c i n g  s i m i l a r  
e n e r g y  p rob lems .  I t  c o u l d  a l s o  s e r v e  a s  a  p r o t o t y p e  f o r  s i m i l a r  
s t u d i e s  of  o t h e r  r e s o u r c e s  s u c h  a s  m a t e r i a l s ,  w a t e r ,  a i r - - i . e .  
a s  a  v e h i c l e  f o r  development  o f  a n  a p p r o a c h  f o r  improved r e s o u r c e  
management. 
2 .  The Research  Program 
2.1 The Case S tudy  Approach 
Case  s t u d i e s  have  p roven  t o  be  a  power fu l  t o o l  f o r  t h e  
f o c u s i n g  o f  IIASA r e s e a r c h  b e c a u s e  o f  t h e  a p p l i e d  methodology 
and t h e  c o n c e p t u a l  deve lopments  t h a t  have  been emerging from 
s u c h  s t u d i e s .  The u n u s u a l  n a t u r e  of  t h e  IIASA i n s t i t u t i o n a l  
s t r u c t u r e ,  r e s e a r c h  a tmosphere ,  and s t a f f  c o m p o s i t i o n  make i t  i m -  
p e r a t i v e  t o  c a r e f u l l y  s e l e c t  t h e s e  a p p l i e d  problems.  S e v e r a l  
o b v i o u s  c r i t e r i a  p r e s e n t  t h e m s e l v e s  a s  a  b a s i s  f o r  t h e  s e l e c t i o n .  
Among t h e  more p rominen t  a r e  t h e  f o l l o w i n g :  
1 )  The c a s e  s t u d i e s  must  l i e  w i t h i n  a  set  of  a p p l i e d  
p rob lems  from a  g e n e r a l  u n i v e r s a l  c l a s s ;  
2 )  Each of  t h e  s t u d i e s  s h o u l d  b e  r e a s o n a b l y  d e f i n e d  
w i t h  a  good d a t a  b a s e ;  
3 )  There  s h o u l d  be  a n  i d e n t i f i a b l e  u s e r  f o r  t h e  o u t p u t  
o f  t h e  s t u d y ,  i d e a l l y  p o l i c y  a s  w e l l  a s  s c i e n t i f i c  
c l i e n t s ;  
4 )  Each o f  t h e  s t u d i e s  s h o u l d  have  enough i n n o v a t i v e  
p o s s i b i l i t i e s  t o  e x t e n d  c e r t a i n  fundamenta l  m e t h o d o l o g i c a l  
and c o n c e p t u a l  i s s u e s ;  
5 )  The s t u d i e s  s h o u l d  p r o v i d e  a n  o p p o r t u n i t y  f o r  a  s t r o n g  
i n t e r r e l a t i o n  and r i c h  i n t e r a c t i o n  among s e v e r a l  
d i s c i p l i n e s  and g r o u p s  a t  IIASA; 
6 )  The s t u d y  must b e  o f  a  s c o p e  and s i z e  t h a t  it c a n  
y i e l d  mean ingfu l  r e s u l t s  i n  a  r e a s o n a b l e  t i m e  p e r i o d .  
Wi th in  t h e  c u r r e n t  IIASA p e r s o n n e l  f ramework,  t h i s  i s  
o f  t h e  o r d e r  of  one y e a r ;  and 
7 )  The s t u d y  would i d e a l l y  b u i l d  upon t h e  work o f  a l r e a d y  
e x i s t i n g  p r o j e c t s  e x t e r n a l  t o  IIASA. 
Each o f  t h e  above c r i t e r i a  has  been cons ide red  du r ing  t h e  
d e s i g n  phase of  t h e  p r o j e c t  d e s c r i b e d  i n  t h i s  paper .  I t  i s  
be l i eved  t h a t  t h e  p r o j e c t  a s  d e s c r i b e d  below goes  a  long  way 
toward s a t i s f y i n g  most,  i f  n o t  a l l ,  o f  t h e s e  c r i t e r i a .  
2.2 Genera l  Research Format 
A sma l l  team of IIASA s c i e n t i s t s ,  c u t t i n g  a c r o s s  s e v e r a l  
e x i s t i n g  r e s e a r c h  groups ,  has  been r e s p o n s i b l e  f o r  t h e  i n i t i a l  
s t r u c t u r e  of  t h e  r e s e a r c h  p r o j e c t .  Th i s  c o r e  group i s  develop-  
i n g  a  working r e l a t i o n s h i p  w i th  energy r e s e a r c h  p r o j e c t s  i n  
s e v e r a l  IIASA member c o u n t r i e s .  The t h r e e  r e s e a r c h  groups  t h a t  
a r e  c o l l a b o r a t i n g  i n  t h e  f i r s t  phase of  t h e  IIASA Research 
Program a r e :  
1 )  The Energy Systems and P o l i c y  Research Group o f  t h e  
I n s t i t u t e  f o r  Environmental S t u d i e s ,  U n i v e r s i t y  of  
Wisconsin, Madison, USA; 
2)  I n s t i t u t  f u r  Ene rge t ik ,  Le ipz ig ,  German Democratic 
Republic;  and 
3 )  I n s t i t u t  Economique e t  J u r i d i q u e  d e  1 ' E n e r g i e  a t  t h e  
U n i v e r s i t y  of  Grenoble,  Grenoble,  France.  
D i scuss ions  f o r  l a t e r  p a r t i c i p a t i o n  a r e  a l s o  underway wi th  two 
a d d i t i o n a l  r e s e a r c h  i n s t i t u t e s  i n  o t h e r  IIASA member c o u n t r i e s .  
Each of t h e  c o l l a b o r a t i n g  i n s t i t u t i o n s  was chosen because 
it has  an a c t i v e  r e s e a r c h  program t h a t  s t u d i e s  energy systems 
from a  broad r e s o u r c e  management p e r s p e c t i v e .  Equal ly  impor tan t  
i n  t h e  c h o i c e  o f  t h e  c o l l a b o r a t i n g  i n s t i t u t i o n s  i s  t h e  g r e a t l y  
d i f f e r e n t  p lanning  and p o l i c y  framework i n  t h e  r e s p e c t i v e  
c o u n t r i e s .  
The o v e r a l l  i n t e r a c t i o n  between IIASA and t h e  c o l l a b o r a t i n g  
i n s t i t u t i o n s  i s  shown i n  F igu re  1 .  The c o r e  IIASA s t a f f  w i l l  
work c l o s e l y  w i th  each  of  t h e  c o l l a b o r a t i n g  i n s t i t u t e s ,  and 
members of each  of t h e s e  i n s t i t u t e s  w i l l  spend some t ime a t  IIASA. 
A s  i n d i c a t e d  i n  F igu re  1 ,  t h e r e  w i l l  be an i n t e r i n s t i t u t i o n a l  
f low of  models,  d a t a ,  and pe r sonne l ,  w i th  t h e  l a t t e r  be ing  
exchanged e i t h e r  on a  shor t - te rm b a s i s  o r  i n  some c a s e s  f o r  a  
l o n g e r  p e r i o d  of  t ime.  For example, pe r sonne l  from one o f  t h e  
c o l l a b o r a t i n g  p r o j e c t s  may spend some weeks a t  IIASA. A s  shown 
i n  t h e  d o t t e d  squa re ,  p lanning  f o r  a  fo l lowup phase i s  a l r e a d y  
underway, w i th  e x i s t i n g  energy p r o j e c t s  i n  o t h e r  member c o u n t r i e s  
p r e p a r i n g  f o r  p a r t i c i p a t i o n .  
Emphasis w i l l  be g iven  t o  comparison a s  a  method f o r  
i l l u m i n a t i o n  of  t h e  s a l i e n t  c h a r a c t e r i s t i c s  and d i f f e r e n c e s  
among t h e  r e g i o n a l  energy  modell ing and p o l i c y  a n a l y s i s  meth- 
odo log ie s .  The comparisons w i l l  be achieved  through a  r e s e a r c h  
program t h a t  i n c l u d e s  t h e  r e s e a r c h  s t a g e s  shown schema t i ca l ly  
i n  F igu re  2. These a r e  d i s c u s s e d  below i n  more d e t a i l .  
1 )  Communication 
One o f  t h e  keys t o  t h i s  r e s e a r c h  program i s  t h e  e s t ab -  
l i shmen t  of  communication between a l r e a d y  e x i s t i n g  r e s e a r c h  
p r o j e c t s .  I t  i s  impor tan t  t h a t  t h e  r e s e a r c h  n o t  be d i l u t e d  
through t h e  i n c l u s i o n  of  t o o  many r e s e a r c h  i n s t i t u t e s - - a l t h o u g h  
t h e  number could  be expanded a s  t h e  r e s e a r c h  c o n t i n u e s  i f  it 
appea r s  d e s i r a b l e .  E f f e c t i v e  communication has  a l r e a d y  been 
e s t a b l i s h e d  among t h e  i n i t i a l  t h r e e  c o l l a b o r a t i o n  r e s e a r c h  
groups.  These t h r e e  i n t e g r a t e d  energy r e s e a r c h  p r o j e c t s  w i l l  
form key components i n  t h e  s tudy .  
A s  t h e  r e s e a r c h  s t r u c t u r e  evo lves ,  and we g a i n  some ex- 
p e r i e n c e  wi th  handl ing  compara t ive  q u e s t i o n s  of  d a t a ,  models, 
p o l i c y  e v a l u a t i o n s  e t c . ,  p e r i o d i c  r e p o r t s  w i l l  be i s s u e d  t o  
provide  a  b a s i s  f o r  t h e  development of a  Followup Phase t o  
t h e  p r o j e c t  w i t h  ano the r  s e t  of c o u n t r i e s  o r  r e g i o n s  having 
g r e a t l y  d i f f e r e n t  energy system c h a r a c t e r i s t i c s .  
Th i s  work w i l l  d e f i n e  t h o s e  a r e a s  i n  t h e  energy  systems 
t h a t  w i l l  be modelled, compared, e t c .  Th i s  i s  a n  impor tan t  
s t a g e  of t h e  r e s e a r c h  s i n c e  it w i l l  s t r u c t u r e  much of t h e  
a c t i v i t y  i n  t h e  coming months. Included i n  t h e  d e f i n i t i o n s  
a r e  t h e  g e n e r a l  q u e s t i o n s :  
Which models w i l l  be ana lyzed  and t o  what degree?  Demand? 
Supply? Environment? 
How much e f f o r t  w i l l  be devoted t o  b u i l d i n g  new models 
o r  t o  modifying e x i s t i n g  models? 
What d a t a  w i l l  be r e q u i r e d  f o r  meaningful  a n a l y s e s  of 
t h e  models and f o r  a  compara t ive  p o l i c y  a n a l y s i s ?  
What p o l i c y  q u e s t i o n s  a r e  a p p r o p r i a t e  f o r  e v a l u a t i o n  
of t h e  models? 
Some of  t h e  above q u e s t i o n s  have a l r e a d y  been answered whereas 
o t h e r s  have been d i scus sed  a t  smal l  working s e s s i o n s  he ld  
between A p r i l  and J u l y  of 1975 wi th  p a r t i c i p a t i o n  by t h e  IIASA 
c o r e  group and by each of  t h e  c o l l a b o r a t i n g  i n s t i t u t i o n s .  
S e c t i o n  3 of t h i s  r e p o r t  d e s c r i b e s  a  proposed s t r u c t u r e  
of t h e s e  r e s e a r c h  components, i nc lud ing  a r e a s  of focus ,  d a t a  
r equ i r emen t s ,  sugges ted  a p p l i c a t i o n  and development models. 
Th i s  proposed s t r u c t u r e  has  been d i scus sed  a t  t h e s e  
working s e s s i o n s .  
I n  o r d e r  t o  unders tand  and e v a l u a t e  t h e  u t i l i t y  of t h e  
v a r i o u s  methodologies  f o r  f o r e c a s t i n g  p lanning  and p o l i c y  
a n a l y s i s ,  it w i l l  be neces sa ry  t o  work wi th  c o n s i s t e n t  s e t s  of 
d a t a .  The development  o f  c o n s i s t e n t  s e t s  w i l l  r e q u i r e  e f f o r t  
v e r y  e a r l y  i n  t h e  r e s e a r c h  program. Examples o f  t h e s e  s e t s  
would b e  t i m e  s e r i e s  o f  e n e r g y  demand i n  e a c h  of  t h e  s e c t o r s ,  
e n e r g y  p r i c e s  a s  f u n c t i o n  of  t i m e ,  e t c .  T h i s  i s  d i s c u s s e d  
f u r t h e r  i n  S e c t i o n  3 .  
4 )  Comparison of  Models 
A f t e r  t h e  a r e a s  of compar i son  a r e  d e f i n e d ,  e . g .  s u p p l y ,  
demand, e n v i r o n m e n t a l  i m p a c t s ,  t h e  t o o l s  u s e d  by each  of  t h e  
p a r t i c i p a t i n g  p r o j e c t s  w i l l  b e  compared a c c o r d i n g  t o  method- 
o l o g y ,  are 'as o f  a p p l i c a t i o n ,  c o n s t r a i n t s  f o r  u s a g e ,  domains 
o f  a p p l i c a b i l i b y ,  e t c .  IIASA would p l a y  a  major  r o l e  i n  t h i s  
compar i son  a r e a .  
5 )  Development o f  New Models,  Methodology and Concep ts  
T h i s  p h a s e  o f  t h e  r e s e a r c h  r e p r e s e n t s  o n e  o f  t h e  r e w a r d s  
- - t h e  p o s s i b i l i t y  of t h e  s y n t h e s i s  of  t h e  m e t h o d o l o g i e s ,  o f  
new c o n c e p t s  a r i s i n g  from t h e  mutua l  e x p o s u r e  o f  t h e  s c i e n t i s t s  
t o  a l t e r n a t i v e  c o n c e p t s ,  o f  i m a g i n a t i v e  new r e s e a r c h  d i r e c t i o n s .  
A t  t h e  p r e s e n t  e a r l y  s t a g e s  o f  t h e  r e s e a r c h ,  it is  t o o  e a r l y  
t o  p r e d i c t  what t h e  payof f  might  be i n  t h i s  a r e a .  However, 
it i s  a l r e a d y  c l e a r  t h a t  exchanges  o f  models o r  o f  model com- 
p o n e n t s  a r e  o c c u r r i n g .  
6 )  M u l t i n a t i o n a l  Workshop 
The p r o j e c t  w i l l  c u l m i n a t e  w i t h  a  f i v e - d a y  workshop a t  
IIASA t e n t a t i v e l y  s c h e d u l e d  f o r  November 3-7, 1975. Cross -  
compar i sons  w i l l  b e  c a r r i e d  o u t  w i t h  v a r i o u s  c o m b i n a t i o n s  o f  
models and p o l i c i e s  a p p l i e d  t o  e a c h  o f  t h e  r e g i o n s .  P a r t i c i -  
p a t i o n  i n  t h e  workshop w i l l  i n c l u d e  e n e r g y  e x p e r t s  from e a c h  
o f  t h e  r e g i o n s ,  IIASA s c i e n t i s t s ,  and po l icy-makers  from e a c h  
of  t h e  r e g i o n s .  The workshop i s  d e s c r i b e d  i n  S e c t i o n  4 .  
A s  i n d i c a t e d  i n  F i g u r e  2 ,  t h e r e  a r e  c e r t a i n  feedback  l o o p s  
w i t h i n  t h e  o v e r a l l  s t r u c t u r e  o f  t h e  r e s e a r c h  program. N e w  d a t a  
s y s t e m s  and improved models w i l l  h o p e f u l l y  be t h e  r e s u l t  o f  
c e r t a i n  p h a s e s  o f  t h e  r e s e a r c h  program. I n  a d d i t i o n ,  a s  shown 
i n  t h e  d iagram it would be p o s s i b l e  f o r  t h e  p r o j e c t  t o  have 
f o l l o w u p  p h a s e s  w i t h  o t h e r  c o u n t r i e s  o r  r e g i o n s  becoming 
s u c c e s s i v e l y  i n v o l v e d ,  u s i n g  t h e  c o l l a b o r a t i o n  o f  t h e  f i r s t  
t h r e e  c o u n t r i e s  a s  a  p r o t o t y p e  a p p r o a c h .  During some o f  t h e  
e a r l i e r  d i s c u s s i o n s  on t h i s  r e s e a r c h  p r o j e c t ,  c o n s i d e r a t i o n  
was g i v e n  t o  i n c l u d i n g  a  d e v e l o p i n g  c o u n t r y  i n  t h e  f o l l o w u p  
phase .  An a d d i t i o n a l  s u g g e s t i o n  was t h a t  t h e  methodology be 
e x t e n d e d  t o  o t h e r  r e s o u r c e s  i n  a d d i t i o n  t o  e n e r g y .  These two 
c o n s i d e r a t i o n s  a r e  under  a c t i v e  d i s c u s s i o n  w i t h i n  t h e  IIASA 
c o r e  g roup .  
3 .  A Proposed D i sagg rega t i on  o f  Regiona l  Energy Systems 
To p r o v i d e  a n  i n i t i a l  working s t r u c t u r e  f o r  t h e  d e s i g n  
of  t h e  r e s e a r c h  program t h a t  i nc luded  a )  e v a l u a t i o n  and 
c h o i c e  o f  models t o  be i nc luded  i n  t h e  r e s e a r c h ,  b )  a s s e s smen t  
o f  d a t a  a v a i l a b i l i t y ,  and c)  f o r m u l a t i o n  of  a p p r o p r i a t e  p o l i c y  
q u e s t i o n s ,  t h e  components o f  an  i n t e g r a t e d  energy  sys tem have 
been l a i d  o u t  a cco rd ing  t o  t h e  s t r u c t u r e  o u t l i n e d  i n  Tab l e  1 .  
The Wisconsin Regional  Energy Model s e rved  a s  a  p r o t o t y p i c a l  
example of  t h e s e  components.  
A s  a  t e n t a t i v e  b a s i s  f o r  t h e  more d e t a i l e d  s t r u c t u r e  o f  t h e  
r e s e a r c h  program, each  of  t h e  macrocomponents i n  Tab l e  I is  
l a i d  o u t  i n  more d e t a i l  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  These 
s t r u c t u r e s  a r e  proposed a s  a  v e h i c l e  f o r  implementing com- 
p a r i s o n s  of t h e  c a s e  s t u d i e s ,  d a t a  sets, models ,  e t c .  They 
shou ld  be viewed o n l y  a s  a  s t a r t i n g  p o i n t  f o r  d i s c u s s i o n s .  
3.1 Energy Demand 
Each of  t h e  i n i t i a l  t h r e e  r e g i o n s  would appea r  t o  have 
s i g n i f i c a n t l y  d i f f e r e n t  p a t t e r n s  o f  energy  demand. F u r t h e r -  
more, t h e  demand f o r e c a s t i n g  and p l ann ing  p rocedu re s  i n  each  
of  t h e  t h r e e  d i f f e r  g r e a t l y .  For  t h i s  r e a son ,  a  p r a c t i c a l  
i n i t i a l  s t e p  is  t o  p rov ide  a  d e s c r i p t i v e  framework f o r  t h e  
components of demand. A second s t e p  would t h e n  be t h e  s p e c i -  
f i c a t i o n  of  t h e  q u a n t i t a t i v e  t o o l s  used t o  d e s c r i b e  o r  f o r e -  
c a s t  t h e s e  demands i n  t h e  f u t u r e  w i t h i n  a  s p e c i f i c  p l ann ing  
p r o c e s s  a t  some l e v e l  o f  d i s a g g r e g a t i o n  (which may d i f f e r  from 
t h e  l e v e l  used f o r  d e s c r i p t i v e  p u r p o s e s ) .  A t h i r d  s t e p  i s  t h e  
examina t ion  of  a p p r o p r i a t e  p o l i c y  q u e s t i o n s  a s s o c i a t e d  w i th  
ene rgy  demand. Each of  t h e s e  t h r e e  s t e p s  o r  components o f  t h e  
demand q u e s t i o n  i s  d e s c r i b e d  below: 
1 )  D e s c r i p t i v e  S t r u c t u r e  
A g e n e r a l  d e s c r i p t i v e  s t r u c t u r e  i s  shown i n  F i g u r e  3 where 
t h e  demand p r o c e s s e s  a r e  c a t e g o r i z e d  acco rd ing  t o  economic 
s e c t o r ,  p h y s i c a l  p r o c e s s ,  and f u e l  t ype .  The d i f f e r e n c e s  and 
s i m i l a r i t i e s  i n  demand p a t t e r n s  a c r o s s  t h e  r e g i o n s  should  be  of  
g r e a t  v a l u e  i n  deve lop ing  t h e  concep t  o f  n a t i o n a l  o r  r e g i o n a l  
"energy  i n d i c a t o r s " ,  i. e .  c o e f f i c i e n t s  o r  pa r ame te r s  t h a t  cou ld  
be u s e f u l  i n d i c e s  i n  e v a l u a t i n g  t h e  s t a t e  of a  broad spectrum of 
ene rgy  sys tems .  
2 .  Wlthin t h e  more g e n e r a l  c o n t e x t  o f  env i ronmenta l  management, 
t h e s e  a r e  ana logous  t o  t h e  "Eco log i ca l  Reynold ' s  Numbers" 
r e f e r r e d  t o  by H o l l i n g  [12] .  
Table  1 .  A d e s c r i p t i v e  s t r u c t u r e  o f  
a n  i n t e g r a t e d  r e g i o n a l  
energy  sys tem.  
1 . Energy demand component: 
a .  Economic s e c t o r ;  
b. P h y s i c a l  p r o c e s s ;  
c .  Fue l  t y p e .  
2 .  Energy supp ly  component: 
a .  Fue l  t y p e ;  
b. Source .  
3.  Environmental  component: 
a .  A i r ;  
b. Water;  
c .  Land; 
d .  S t a nda r ds  and mon i to r i ng ;  
e .  P u b l i c  h e a l t h .  
4 .  Socio-economic component : 
a .  Demography; 
b .  Land u s e ;  
c .  Urban d e s i g n ;  
d .  F i s c a l  c o n s i d e r a t i o n s .  
I n  t h e  d e s c r i p t i v e  framework of  F igure  3 ,  t h e  q u e s t i o n  of  
d imens iona l i t y  i n  t ime and space i s  a  key one. An i n i t i a l  s t e p  
(des igna ted  h e r e  a s  t h e  zero  l e v e l  of  complexi ty)  would be t o  
s p e c i f y  annual  demands f o r  each of t h e  t h r e e  r e g i o n s .  
A " f i r s t  l e v e l "  complexity would inc lude  more d i sag -  
g r e g a t i o n  i n  space  and i n  t ime,  e .g .  s easona l  demands and 
demands according  t o  urban and r u r a l  l o c a t i o n s .  These would 
be u s e f u l  i n  e v a l u a t i n g  approaches t o  land  u s e  p lanning .  A 
second l e v e l  of complexity might a s s o c i a t e  t h e s e  demands even 
more e x p l i c i t l y  w i th  g iven  s o c i e t a l  a c t i v i t i e s .  The a p p r o p r i a t e  
cho ice  and d e f i n i t i o n  of  t h e s e  l e v e l s  of  complexity should 
evolve  du r ing  t h e  e a r l y  s t a g e s  o f  t h e  r e s e a r c h  program. 
2 )  Comparison and Evalua t ion  of  t h e  Energy Demand Models 
One of t h e  impor tant  o u t p u t s  of  t h i s  r e s e a r c h  w i l l  be a  
b e t t e r  unders tanding  of t h e  a p p l i c a b i l i t y  of  v a r i o u s  demand 
modell ing approaches under a  wide range  of  c o n d i t i o n s ,  and of  
t h e  need and o p p o r t u n i t i e s  f o r  new t echn iques .  A s  an i n i t i a l  
b a s i s  f o r  t h i s  d i s c u s s i o n ,  t h e  c l a s s i f i c a t i o n  and d e s c r i p t i v e  
framework sugges ted  by Charpent ie r  [ 3 , 4 ]  a t  I I A S A  h a s  proven 
ve ry  u s e f u l .  Represen ta t ive  of  t h e  t y p e s  of c n a r a c t e r i s t i c s  
i n  h i s  c l a s s i f i c a t i o n s  a r e :  
a )  Type of Model: 
Econometric ( c o r r e l a t i o n ) ;  
Opt imiza t ion;  
S imula t ion;  
Scena r ios ;  and 
Input -output  ( s t a t i c  and dynamic);  
b)  Other C h a r a c t e r i s t i c s  : 
Linkage t o  t h e  economy; 
Linkage t o  supply;  
Disaggregat ion  i n  t ime and space ;  
Input  d a t a  requi rements  (d i saggrega t ion ,  e t c .  ) ; and 
o u t p u t .  
The l i n k a g e  of  t h e s e  models t o  n a t i o n a l  and r e g i o n a l  
energy systems w i l l  be of g r e a t  i n t e r e s t .  
3 )  Some R e p r e s e n t a t i v e  P o l i c y  Q u e s t i o n s  
Wi th in  t h e  framework o f  t h e  m o d e l l i n g  and p l a n n i n g  t e c h -  
n i q u e s  used  i n  t h e  r e g i o n s ,  s e v e r a l  p o l i c y  q u e s t i o n s  w i l l  b e  
posed w i t h  t h e  o b j e c t i v e  of  e v a l u a t i n g  t h e  a p p l i c a b i l i t y  of  
t h e  a r r a y  o f  p o l i c y  a n a l y s i s  t o o l s  t h a t  emerge from t h e  re- 
s e a r c h .  A few r e p r e s e n t a t i v e  p o l i c y  q u e s t i o n s  a r e :  
- What e f f e c t  would t h e  phased i n t r o d u c t i o n  o f  s p e c i f i c  
t e c h n i q u e s  ( e . g .  g r e a t e r  r e l i a n c e  on  mass t r a n s p o r t a t i o n ,  
o r  on t h e  a u t o ,  m o d i f i e d  b u i l d i n g  o r  u r b a n  d e s i g n s ,  
m o d i f i e d  a g r i c u l t u r a l  t e c h n o l o g i e s )  h a v e  on e n e r g y  
demands? 
- What would b e  t h e  consequences  o f  a  g r a d u a l  and long- te rm 
t r a n s i t i o n  t o  a  h i g h ,  low o r  z e r o  e n e r g y  growth s o c i e t y  
( a s  d e s c r i b e d  i n  t h e  r e c e n t  Ford F o u n d a t i o n ' s  Energy 
P o l i c y  P r o j e c t  R e p o r t )  ? 
3 . 2  Energy i n  t h e  A g r i c u l t u r a l  S e c t o r  
Because o f  t h e  s p e c i a l  impor tance  of  food  p r o d u c t i o n ,  
p r o c e s s i n g  and d i s t r i b u t i o n  i n  t h e  wor ld  t o d a y ,  and b e c a u s e  o f  
t h e  i m p o r t a n t  r o l e  t h a t  e n e r g y  p l a y s  i n  t h e  food sys tem,  s p e c i a l  
emphas i s  i s  b e i n g  g i v e n  t o  food-energy r e l a t i o n s h i p s  w i t h i n  
t h e  program o f  Regiona l  I n t e g r a t e d  Management o f  Energy/Environ- 
ment Systems.  
1 )  Major O b j e c t i v e s  
The major  o b j e c t i v e s  of  t h e  a g r i c u l t u r a l  e n e r g y  u s e  com- 
p a r i s o n  c a n  b e  d i v i d e d  i n t o  two components:  
a )  D e s c r i p t i v e :  To examine t h e  d i f f e r e n c e s  and s i m i l a r -  
i t i e s  of  e n e r g y  u s e  i n  t h e  a g r i c u l t u r a l  s e c t o r  o f  t h e  
s t u d y  r e g i o n s .  T h i s  would b e  done by l o o k i n g  a t  
p a t t e r n s  of  e n e r g y  u s e  i n  t h e  c r o p  p r o d u c t i o n  and t h e  
l i v e s t o c k  p r o d u c t i o n  s u b s e c t o r s ,  and t h e  i n t e r r e l a t e d -  
n e s s  o f  e n e r g y  u s e  between t h e s e  two s u b s e c t o r s .  I f  
d a t a  p e r m i t ,  t h e  food p r o c e s s i n g  s u b s e c t o r  e n e r g y  u s e  
s h o u l d  b e  i n c l u d e d  h e r e  i n  a g r i c u l t u r e .  The r e l a t i v e  
d i v i s i o n  o f  e n e r g y  u s e  i n  e a c h  o f  t h e  a g r i c u l t u r a l  
s u b s e c t o r s  would a l s o  be d e s c r i b e d .  
b )  P o l i c y :  To examine s p e c i f i c  food-energy p o l i c y  
questions. For  example,  what p o t e n t i a l  i s  t h e r e  i n  
t h e s e  r e g i o n s  f o r  e n e r g y  c o n s e r v a t i o n  i n  t h e  a g r i -  
c u l t u r a l  s e c t o r  w i t h o u t  c a u s i n g  a  l o s s  i n  c r o p  y i e l d s  
and  w i t h o u t  g r e a t l y  expanding  c r o p  a c r e a g e .  Environ-  
m e n t a l  c o n s i d e r a t i o n s  would p l a y  a  r o l e  h e r e ,  s i n c e  
some s t r a t e g i e s  of  e n e r g y  c o n s e r v a t i o n  migh t  b e  more 
c o n s e r v i n g  o f  t h e  long- range  e c o l o g i c a l ,  p r o d u c t i v e  
p o t e n t i a l  o f  t h e  l a n d  t h a n  o t h e r s .  
2 )  G e n e r a l  Overview 
F i g u r e  4 shows a  sample b l o c k  d i a g r a m  of t h e  t y p e s  o f  
components and pathways t h a t  c o u l d  form t h e  c o r e  o f  t h e  a g r i -  
c u l t u r a l  s e c t o r ' s  e n e r g y  u s e  compar i son  and a n a l y s i s .  I n  t h e  
d i a g r a m ,  d i r e c t  energy  u s e  and i n d i r e c t  e n e r g y  u s e  a r e  no ted .  
D i r e c t  energy  i s  t h e  p e r  h e c t a r e  g a l l o n s  o f  g a s o l i n e ;  i n d i r e c t  
e n e r g y  i s  t h e  e n e r g y  r e q u i r e d  t o  p roduce  f e r t i l i z e r .  There  
a r e  f o u r  major  a r e a s  of d a t a  o f  i n t e r e s t :  
a )  P r o d u c t i o n  and l a n d  u s e  ( e . g .  h e c t a r e s  o f  l a n d  i n  
e a c h  major  c r o p  and p r o d u c t i o n  f o r  e a c h  major  c r o p ) ;  
b )  Energy u s e  p e r  u n i t  o f  p r o d u c t i o n  ( e . g .  g a l l o n s  o f  
g a s o l i n e / h e c t a r e / y e a r ,  h o u r s  o f  l a b o r  i n p u t / h e c t a r e / y e a r ) ;  
C )  Flow o f  a g r i c u l t u r a l  m a t e r i a l  ( e . 9 .  a g r i c u l t u r a l  pro-  
d u c t i o n  used l o c a l l y ,  e x p o r t e d ,  i m p o r t e d ,  used f o r  
f e e d ,  o r  g o i n g  t o  food p r o c e s s i n g ) ;  
d )  Food p r o c e s s i n g  energy  p e r  u n i t  o f  p r o d u c t i o n  ( e . 9 .  
k c a l / u n i t  o u t p u t  o r  k c a l / u n i t  o f  v a l u e  a d d e d ) .  
I t  is  f e l t  t h a t  ( b )  above w i l l  be  one  o f  t h e  most i n t e r -  
e s t i n g  and i m p o r t a n t  d a t a  sets f o r  a n  e x t r e m e l y  meaningfu l  s t u d y ;  
y e t  it w i l l  b e  one  o f  t h e  most d i f f i c u l t  d a t a  sets t o  d e v e l o p .  
3 . 3  Energy Supply 
I n  t h e  e n e r g y  s u p p l y  a r e a ,  a  r e s e a r c h  s t r u c t u r e  is  s u g g e s t e d  
s i m i l a r  t o  t h a t  d e s c r i b e d  above f o r  demand, i . e .  d e s c r i p t i v e ,  
model compar i son ,  and p o l i c y  a n a l y s i s .  Each o f  t h e s e  i s  
d e s c r i b e d  b r i e f l y  below. The s u g g e s t e d  d e s c r i p t i v e  s t r u c t u r e ,  
based  upon p r e v i o u s  work a t  IIASA, i s  p r e s e n t e d .  
1 )  D e s c r i p t i v e  S t r u c t u r e  
I n  g e n e r a l ,  e n e r g y  s u p p l y  s h o u l d  be s p e c i f i e d  by t y p e ,  
o r i g i n ,  and s p e c i a l  c h a r a c t e r i s t i c s ,  e . g .  e n e r g y  c o n t e n t ,  i m -  
p o r t a n t  i m p u r i t i e s  such  a s  s u l f u r  c o n t e n t .  A r e a s o n a b l e  t i m e  
series of t h e s e  d a t a ,  a s  w e l l  a s  c o s t  i n f o r m a t i o n  o v e r  t h a t  
t i m e  p e r i o d ,  would be u s e f u l .  For  t h e  p u r p o s e s  o f  s p e c i f i c  
p o l i c y  q u e s t i o n s  such  a s  f e a s i b i l i t y  o f  d i s t r i c t  h e a t i n g ,  
e n e r g y  r e c o v e r y  from w a s t e  p r o d u c t s ,  some l o c a t i o n a l  i n f o r m a t i o n  
might  be u s e f u l .  
2 )  Comparison and E v a l u a t i o n  o f  t h e  Energy Supply Models 
A s  i n  t h e  Demand S e c t i o n  above,  t h e r e  a r e  s e v e r a l  c a t e -  
g o r i e s  a c c o r d i n g  t o  which t h e  s u p p l y  models c a n  b e  d e s c r i b e d  
and compared. A more t i g h t l y  s t r u c t u r e d  comparison should  
e v o l v e  i n  t h e  c o u r s e  o f  t h e  s t u d y .  Some i n i t i a l  s t e p s  a r e  
a l r e a d y  underway i n  c o n n e c t i o n  w i t h  two well-known s u p p l y  models ,  
t h e  model deve loped  by Finon e t  a l .  a t  Grenoble  [ 5 , 6 ]  and a  
model deve loped  and a p p l i e d  a t  IIASA [ 9 ] .  Both o f  t h e s e  models 
a r e  based upon opt imizat ion procedures involving l i n e a r  pro- 
gramming techniques.  I t  i s  proposed t h a t  these  models can be 
examined f o r  t h e i r  a p p l i c a b i l i t y  t o  t h e  reg iona l  energy supply 
ques t ions  of i n t e r e s t  here.  The supply models i n  use a t  t h e  
I n s t i t u t  fiir Energetik i n  Leipzig [ I l l  a r e  a l s o  based upon 
opt imizat ion procedures; a s  f u r t h e r  information about t h e  
Leipzig models becomes a v a i l a b l e ,  it w i l l  a l s o  be analyzed 
f o r  genera l  a p p l i c a b i l i t y  i n  t h e  regions .  
To provide a  b a s i s  f o r  f u r t h e r  d i scuss ion  of t h e  supply 
a r e a ,  t h e  b a s i s  of t h e  IIASA supply model and t h e  requirements 
f o r  i t s  a p p l i c a t i o n  t o  t h e  one o r  more reg ions  i s  descr ibed 
here .  
The IIASA Supply Model: I f  it i s  assumed t h a t  t h e  energy 
system i s  comprised of m energy supply c a t e g o r i e s  ( c o a l ,  o i l ,  
nuclear  e t c . ) ,  and n  demand c a t e g o r i e s  ( t r a n s p o r t a t i o n ,  house- 
hold, e t c . ) ,  then t h e  ques t ion  a r i s e s  how t o  a l l o c a t e  i n  an  
opt imal  way t h e  supp l i es  t o  t h e  demands. Here t h e  term "optimal" 
has  t o  be def ined.  I t  i s  c l e a r  t h a t  n o t  every supply category 
can meet every demand (e .g .  e l e c t r i c i t y  cannot be used f o r  a i r  
t r a f f i c ) ;  i n  add i t ion ,  t h e r e  e x i s t  competi t ions f o r  t h e  supply 
a s  we l l  a s  f o r  t h e  demand s i d e .  This means t h a t  boundary con- 
d i t i o n s  have t o  be taken i n t o  account.  Furthermore, i f  one 
cons ide r s  a  planning horizon over s e v e r a l  yea r s ,  and optimizes 
t h e  a l l o c a t i o n  f o r  each year separa te ly ,  then changes i n  t h e  
a l l o c a t i o n  may occur t h a t  cannot be t o l e r a t e d  from some economical 
o r  o the r  po in t  of view. Problems of t h a t  kind may c a l l  f o r  an  
i t e r a t i v e  procedure. 
The IIASA model has  been developed by Hafele,  Manne and 
Shikorr  (HMS) f o r  t h e  study of t h e  optimal supply of energy 
f o r  a  model s o c i e t y  over a  planning horizon of seventy-five 
yea r s ,  going through a  t r a n s i t i o n  from f o s s i l  t o  nuclear  f u e l s  
and using t o t a l  discounted c o s t s  a s  an o b j e c t i v e  funct ion.  In  
a  con t inua t ion  of t h a t  work, Suzuki and Avenhaus [ 1 7 ]  used 
Hoffman's demand es t ima tes  f o r  t h e  US through t h e  year 2000  [ I 3 1  
and analyzed i f  and under what circumstances t h e  energy supplied 
by t h e  HMS model cohld meet t h e  energy demand of t h e  d i f f e r e n t  
demand c a t e g o r i e s .  In c o n t r a s t  t o  Hoffman's work and according 
t o  t h e  HMS model, d i f f e r e n t  p o i n t s  of time were considered.  An 
i l l u s t r a t i o n  f o r  t h e  supply and demand c a t e g o r i e s  used i n  r e f -  
erence i s  given i n  Figure 5. In  a d d i t i o n ,  Konno and Sr in ivasan 
[ I  41,  and Suzuki and Schrat tenholzer  [ I  6 1  have c a r r i e d  o u t  
numerical c a l c u l a t i o n s  i n  o rde r  t o  study t h e  s e n s i t i v i t y  of 
some of t h e  more important parameters of t h e  models. I t  i s  
n o t  appropr ia te  t o  r e p o r t  here  on t h e  d e t a i l s  of these  r e s u l t s ;  
ins tead  an o u t l i n e  i s  given t o  show what is necessary f o r  s i m i l a r  
s t u d i e s  t h a t  could be used f o r  comparative purposes. 
The fo l lowing  informat ion  and d a t a  a r e  neces sa ry  t o  s tudy  
supply  problems a long  l i n e s  s i m i l a r  t o  t h o s e  c a r r i e d  o u t  a t  
IIASA a s  d e s c r i b e d  above: 
a )  Demand and supply c a t e g o r i e s  have t o  be s p e c i f i e d ,  
depending on t h e  deg ree  of  agg rega t ion  neces sa ry  
and p o s s i b l e  f o r  t h e  whole s tudy ,  a s  w e l l  a s  pro- 
j e c t i o n s  f o r  t h e  t o t a l s  of  t h e  supply  and demand of  
t h e  d i f f e r e n t  c a t e g o r i e s  ove r  t h e  whole p lanning  
hor izon;  
b )  The p lanning  ho r i zon  a s  w e l l  a s  t h e  t ime s t e p s  f o r  t h e  
o p t i m i z a t i o n  procedure  ( e . g .  1975-2025, w i th  f i v e  
yea r  t ime s t e p s )  ; 
c )  The o p t i m i z a t i o n  c r i t e r i o n ;  
d )  The a l l o c a t i o n  c o e f f i c i e n t s  from each  of t h e  supply  
t o  each  of  t h e  demand c a t e g o r i e s  (e .g .  u n i t  c o s t  i f  
t h e  o p t i m i z a t i o n  c r i t e r i o n  was c o s t s ) ;  
C )  A l l  t h e  boundary c o n d i t i o n s  t o  be t aken  i n t o  account ,  
bo th  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y ,  p r o j e c t e d  o v e r  
t h e  whole p lanning  hor izon .  
3 . 4  The S o l a r  Supply Option 
S o l a r  energy i s  emerging a s  a  s t r o n g  contender  f o r  p l ay ing  
a  major r o l e  i n  f u t u r e  energy  supply  systems.  For t h i s  r ea son ,  
and because IIASA has  an a c t i v e  r e s e a r c h  program i n v e s t i g a t i n g  
t h e  s e v e r a l  a s p e c t s  of t h e  s o l a r  supply o p t i o n  [ 1 8 ] ,  it w i l l  be 
cons ide red  e x p l i c i t l y  i n  t h i s  r e s e a r c h  program. 
I n  p r i n c i p l e ,  s o l a r  energy can  be conve r t ed  v i a  a  l a r g e  
menu of  t echno log ie s  t o  h e a t ,  e l e c t r i c i t y ,  s h a f t  horsepower and 
s y n t h e t i c  f u e l s .  None o f  t h e s e  h a s  achieved  t h e  s t a t u s  of a  
f u l l y  commercialized technology wi th  t h e  excep t ion ,  on a  r e l a -  
t i v e l y  sma l l  s c a l e ,  of domest ic  water  hea t ing .  Domestic s o l a r  
water  h e a t i n g  p rov ides  about  one f o u r t h  t h e  people  i n  I s r a e l  
w i th  h o t  wa te r .  Smal le r ,  b u t  s t i l l  s u b s t a n t i a l  numbers of  people  
i n  A u s t r a l i a ,  Hawaii, L a t i n  America and New Zealand a l s o  u s e  
such d e v i c e s .  S o l a r  space  h e a t i n g  and c o o l i n g  systems a r e  now 
marketed i n  t h e  United S t a t e s  and w i l l  soon a l s o  be marketed i n  
Japan.  Under some c o n s i d e r a t i o n s  ( a v a i l a b l e  f ront -end  c a p i t a l ,  
f o r  example) ,  such systems a r e  c o s t  e f f e c t i v e  on a  l i f e - c y c l e  
c o s t  b a s i s  when compared wi th  o i l  h e a t i n g  o r  a l l - e l e c t r i c  
r e s i s t i v e  h e a t i n g .  
1  ) O b j e c t i v e s  
- To develop  and e v a l u a t e  r e s e a r c h  methodologies  f o r  
t h e  assessment  of  t h e  p o t e n t i a l  of s o l a r  convers ion  
systems i n  s p e c i f i c  r e g i o n s  and human s e t t l e m e n t s ;  
- To t es t  t h e s e  a s s e s s m e n t  p r o c e d u r e s  i n  t h e  r e g i o n s  
c o l l a b o r a t i n g  i n  t h e  program of  Regiona l  I n t e g r a t e d  
Management of Energy/Environment Systems.  
2 )  Methodology a r d  Mcdels 
-
IIASA h a s  made a  major  commitment t o  e v a l u a t i n g  t h e  
s c l a r  e n e r g y  o p t i o n  a s  a long-- term major  e n e r g y  s o u r c e  f o r  
mankind [ 18 I., w i t h  p a r t i c u l a r  emphasi s lipon i t s  h p p l i c a t i o n  t o  
European c o u n t r i e s .  An a r r a y  o f  m e t h o d o l o g i e s  a r e  b e i n g  
d e v e l o p e d  t o  implement t h e  f o l l o w i n g  e v a l u a t i o n  t a s k s :  
- T e c h n i c a l  and economic c h a r a c t e r i s t i c s  of v a r i o u s  
s o l a r  c o n v e r s i o n  s y s t e m s ;  
- Land c o s t s  and a v a i l a b i l i t y ;  s o l a r  c o n v e r s i o n  sys tem 
s i t e  i d e n t i f i c a t i o n ;  
- I n p u t s  of l a r g e - s c a l e  deployment  o f  s o l a r  c o n v e r s i o n  
sys tems .  
These  m e t h o d o l o g i e s  deve loped  a t  IIASA w i l l  be a p p l i e d  t o  t h e  
r e g i o n s  under  s t u d y  i n  t h e  program of Regiona l  I n t e g r a t e d  
Management o f  Energy/Environment Systems.  I n  a d d i t i o n ,  s o l a r  
e n e r g y  e x p e r t i s e  from some of t h e  c o l l a b o r a t i n g  i n s t i t u t i o n s  
w i l l  b e  u t i l i z e d .  I n  p a r t i c u l a r ,  t h e  S o l a r  Energy Research  
Group a t  t h e  U n i v e r s i t y  of Wisconsin [ I ]  w i l l  p r o v i d e  e x p e r t i s e  
i n  t h e  a r e a  o f  s o l a r  h e a t i n g  and c o o l i n g  i n  b u i l d i n g s .  
The g e n e r a l  approach  proposed  f o r  t h e  I n t e g r a t e d  Energy 
Systems P r o j e c t  i s  a s  f o l l o w s :  
a )  Data  s p e c i f i c a t i o n  and c o l l e c t i o n  f o r  e a c h  r e g i o n ;  
b )  E v a l u a t i o n  of s i t i n g  p o t e n t i a l  i n  e a c h  of t h e  r e g i o n s ,  
based  upon t e c h n i c a l ,  economic, and r e g i o n a l  i n f o r m a t i o n ;  
C )  Development o f  s c e n a r i o s  f o r  h i g h ,  medium, and low 
t e c h n o l o g i c a l  implementa t ion  o f  s o l a r  e n e r g y  sys tems  
of  a  long- te rm p l a n n i n g  h o r i z o n  ( -50  y e a r s )  w i t h  
p a r t i c u l a r  a t t e n t i o n  t o  t h e  o v e r a l l  e n e r g y  s u p p l y  
sys tem mix. 
3) P r e l i m i n a r y  Data Requirements  
I t  i s  b e l i e v e d  t h a t  a  z e r o  o r d e r  a s s e s s m e n t  c a n  b e  made 
u s i n g  t h e  above approach  w i t h i n  t h e  t i m e  and r e s o u r c e  c o n s t r a i n t s  
of t h i s  p r o j e c t .  T h i s  would i n v o l v e  o n l y  a  p r e l i m i n a r y  l o o k  a t  
t h e  a v a i l a b i l i t y  o f  l a n d ,  s u n l i g h t  and w a t e r ,  a s  w e l l  a s  a t  t h e  
c u r r e n t  and p r o j e c t e d  p a t t e r n s  o f  e n e r g y  u s e .  T h i s  would re- 
q u i r e  t h e  f o l l o w i n g  t y p e s  o f  i n f o r m a t i o n :  
a )  Land U s e  P a t t e r n s  and P h y s i c a l  Geography: 
- Types o f  l a n d ,  e . g .  a g r i c u l t u r e ,  f o r e s t s ,  p a s t u r e ,  
s e t t l e m e n t s ;  
- A v a i l a b i l i t y  and economics of l a n d ;  
- C l i m a t i c  v a r i a b l e s ,  e . g .  p r e c i p a t i o n  ( t y p e  and 
amount ) ,  s u n l i g h t  ( d i r e c t  and d i f f u s e  p l u s  c l oud  
c o v e r  i n d i c e s ) ,  wind p a t t e r n s  ( f r equency  and s p e e d ) .  
b )  S o i l  Types and S lop es :  
- Genera l  i n fo rma t io n  abou t  t h e  i n f r a s t r u c t u r e  o f  t h e  
r e g i o n s ,  most of which would be  i n  c o n n e c t i o n  w i t h  
t h e  energy  demand models ( S e c t i o n  3.1 ) . 
4 )  R e p r e s e n t a t i v e  P o l i c y  E v a l u a t i o n s  
Is s o l a r  energy  a t  a l l  f e a s i b l e  f o r  each  o f  t h e  r e g i o n s ?  
Is any one p a r t i c u l a r  s o l a r  t echnology  more a t t r a c t i v e ,  and 
should  it be  i n v e s t i g a t e d  i n  more d e t a i l ?  Is f u r t h e r  r e s e a r c h  
w a r r a n t ed?  
3 . 5  Environmental  Impact 
1 )  Major O b j e c t i v e s  
The major  o b j e c t i v e s  o f  t h e  env i r onmen ta l  impact  comparison 
c a n  be  d i v i d e d  i n t o  t h r e e  components:  
a )  D e s c r i p t i v e :  To examine d i f f e r e n c e s  and s i m i l a r i t i e s  
of t h e  envi ronmenta l  impac ts  connec ted  w i th  energy  u s e  
i n  e ach  of  t h e  r e g i o n s ,  l o o k i n g  f o r  b o t h  i n t u i t i v e  and 
c o u n t e r - i n t u i t i v e  p a t t e r n s  o f  d i f f e r e n c e s  and s i m i -  
l a r i t i e s ,  g i v e n  t h e  d i f f e r e n t  p a t t e r n s  of energy  u s e  i n  
t h e  r e g i o n s  compared. T h i s  w i l l  be of  i n t e r e s t  t o  
p o l i c y  concerned  w i t h  env i r onmen ta l  impact  f o r e c a s t i n g  
and p l ann ing ;  
b) Model Comparison: To compare and deve lop  some " g r o s s "  
measures  o f  env i ronmenta l  impact  t h a t  a r e  meaningful  
i n  t h e  assessment  o f  p o l i c y  and p l ann ing .  For  what 
measures  i s  t h e  A impact/A p o l i c y  more e a s i l y  d i f f e r e n -  
t i a b l e  and t h u s  a b l e  t o  p r ov ide  a  b e t t e r  impact  i n d i -  
c a t o r  f o r  p l ann ing?  
c )  P o l i c y :  To examine s p e c i f i c  p o l i c y  q u e s t i o n s ,  e . g .  
what e f f e c t  would c e r t a i n  envi ronmenta l  s t a n d a r d s  have 
on ene rgy  u se .  To examine how envi ronmenta l  impact  
i s  viewed and a s s e s s e d  a t  t h e  p o l i c y  l e v e l  i n  t h e  
d i f f e r e n t  r e g i o n s .  
2 )  A S t r u c t u r e  f o r  Impact Ana ly s i s  
F i g u r e  6 g i v e s  a  proposed s t r u c t u r e  of t h e  d i f f e r e n t  
pathways t o  be c o n s i d e r e d  f o r  a n  envi ronmenta l  impact  a n a l y s i s ,  
w i t h  a  key word o r  ph ra se  f o r  cach  of t h e  s t e p s .  
) Inpu t  Data: I t  would be most d e s i r a b l e  t o  have d a t a  
a v a i l a b l e  t o  be a b l e  t o  e v a l u a t e  each of t h e  pathways 
1 t o  8 shown i n  F igu re  6 .  General  a r e a s  of  d a t a  
needs a r e :  
- Geographical  d a t a  ( e . g .  c i t y  popu la t i on  d e n s i t y ) ;  
- Meteoro logica l  d a t a  ( e - g .  wind s t a t i s t i c s ,  
a tmospher ic  s t a b i l i t y  s t a t i s t i c s )  ; 
- P o l l u t a n t  emiss ion  d a t a  ( e . g .  emis s ions  from 
t a l l  s t a c k s ,  emiss ions  from space  h e a t i n g ) ;  
- R e s u l t s  of moni tor ing  d a t a  ( e .g .  SO2 measurements) ; 
- Economic and f u e l  u s e  d a t a  ( e - g .  d i f f e r e n t  f u e l s  
used f o r  space  h e a t i n g ,  va lue  added) . 
b )  Output: Depending on t h e  d a t a  a v a i l a b l e ,  t h e  o u t p u t  
could  be one of s e v e r a l  l e v e l s  of complexi ty .  For 
example, t h e  w i t h i n  r e g i o n  o u t p u t  could  be:  
- Zeroth  l e v e l  - t o t a l  emis s ions  from each  s e c t o r ;  
- F i r s t  l e v e l  - z e r o t h  l e v e l  w i th  s imple  d i s p e r s i o n ;  
- Second l e v e l  - z e r o t h  and f i r s t  l e v e l s  w i th  
measurements and more complex d i s p e r s i o n  cons ide r -  
a t i o n s .  
Add i t i ona l  o u t p u t  would be  f u r t h e r  impact  a t t r i b u t e s  
such a s :  
- P o t e n t i a l  h e a l t h  impact ;  
- P o t e n t i a l  economic impact ;  
- S e v e r i t y  of  impact v s .  importance;  
- Shor t - te rm v s .  long-term impacts;  
- S o c i e t a l  v s  . i n d i v i d u a l  impacts;  
- Geographic d i s t r i b u t i o n  of  impacts .  
3 )  Typ ica l  P o l i c y  Ques t ions  
P o l i c y  q u e s t i o n s  have s e v e r a l  l e v e l s  of  complexi ty .  
For  example;  
a )  F i r s t  Leve l :  \ f i a t  consequences  would e n v i r o n m e n t a l  
s t a n d a r d s  have f o r  e n e r g y  u s e :  
- w i t h  z e r o t h  l e v e l  o u t p u t  above?  
- w i t h  f i r s t  o r  second l e v e l  o u t p u t  above?  
b )  Second Leve l :  For a  g i v e n  set of  d i s p e r s i o n  and c o s t  
i n f o r m a t i o n ,  what would b e  a n  e c o n o m i c a l l y  o p t i m a l  
s t a n d a r d ?  
4 .  T e n t a t i v e  P r e p a r a t i o n  and S t r u c t u r e  o f  Major Workshop 
A s  d e s c r i b e d  i n  S e c t i o n  2,  t h e  f i n a l  s t a g e  o f  t h e  F i r s t  
Phase  o f  t h i s  p r o j e c t  would b e  a  major  c o m p a r a t i v e  workshop 
s c h e d u l e d  f o r  November 3-7, 1975. I n  t h e  workshop, which w i l l  
be preceded  by s e v e r a l  months o f  model and d a t a  p r e p a r a t i o n ,  
etc . ,  c r o s s - c o m p a r i s o n s  w i l l  b e  c a r r i e d  o u t  w i t h  v a r i o u s  com- 
b i n a t i o n s  o f  models  and p o l i c i e s  a p p l i e d  t o  e a c h  of  t h e  r e g i o n s .  
T a b l e  2  below g i v e s  t h e  g e n e r a l  p i c t u r e  o f  t h e  n a t u r e  o f  t h e  
workshop. 
I t  i s  b e l i e v e d  t h a t  t h e  e x a m i n a t i o n  o f  t h e s e  s c e n a r i o s  
f o r  t h r e e  o r  more r e g i o n s ,  e a c h  d i f f e r i n g  g r e a t l y  i n  t h e i r  
e n e r g y  sys tems  c h a r a c t e r i s t i c s ,  c a n  l e a d  t o  a  much b e t t e r  
u n d e r s t a n d i n g  o f  t h e  sys tems  t h e m s e l v e s  and t h e  m e t h o d o l o g i e s  
w i t h  which we s t u d y  t h e  sys tems .  I f  o n l y  p a r t i a l  s u c c e s s  i s  
a c h i e v e d  i n  t h e  o b j e c t i v e s ,  t h e n  t h e  r e s u l t s  o f  t h i s  r e s e a r c h  
w i l l  be  e x t r e m e l y  v a l u a b l e  i n  moving on t o  o t h e r  r e s o u r c e  
sys tems ,  i n c l u d i n g  t h o s e  o f  i n d u s t r i a l i z e d  n a t i o n s ,  and i n  
p o i n t i n g  toward sys tems  a n a l y s i s  o f  energy  and o t h e r  r e s o u r c e  
sys tems  i n  t h e  d e v e l o p i n g  c o u n t r i e s .  I t  is  t h i s  l a t e r  p o i n t  
t h a t  i s  i m p l i e d  i n  p a r t  C o f  I t e m  6 below " g l o b a l  f e a s i b i l i t y  
maps" - t h a t  i s ,  t h e  e x t e n s i o n  o f  t h e s e  sys tems  a n a l y s i s  meth- 
o d o l o g i e s  t o  o t h e r  r e g i o n s  o f  t h e  wor ld .  
5. Proposed Schedule  f o r  t h e  Research  P r o j e c t  
One of  t h e  c r i t e r i a  l i s t e d  i n  S e c t i o n  1  was t h a t  a  p r o j e c t  
b e  implemented o n  a  t i m e  s c a l e  c o n s i s t e n t  w i t h  IIASA's " s t a b i l i t y  
and r e s i l i e n c e "  c h a r a c t e r i s t i c s .  P r e s e n t e d  below i s  a  p r e -  
l i m i n a r y  s c h e d u l e  f o r  t h i s  p r o j e c t .  
Jan.  - Feb. 1 5  P r o j e c t  d e f i n i t i o n  and p r e p l a n n i n g  
a t  IIASA. 
Feb. 17-20 P l a n n i n g  s e s s i o n  w i t h  U n i v e r s i t y  
of Grenoble .  
Feb. 2 0  - March 1 0  
L a t e  March 
E a r l y  A p r i l  





E x p l o r a t o r y  p l a n n i n g  s e s s i o n  
w i t h  I n s t i t u t  f c r  E n e r g e t i k ,  
L e i p z i g  . 
R e p o r t  f rom Grenoble  on  adequacy  o f  
d a t a  f o r  Rhane-Alpes r e g i o n .  
E x p l o r a t o r y  s e s s i o n s  w i t h  o t h e r  
p o t e n t i a l  p a r t i c i p a t i n g  r e g i o n s .  
Smal l  one-day working s e s s i o n  i n  
Vienna w i t h  r e p r e s e n t a t i v e s  f rom 
e a c h  o f  t h e  p a r t i c i p a t i n g  c o u n t r i e s .  
D e f i n i t i o n  o f  a r e a s  o f  model com- 
p a r i s o n ,  d a t a  r e q u i r e m e n t s ,  hypo- 
t h e t i c a l  p o l i c y  q u e s t i o n s .  
Working p a p e r  d e s c r i b i n g  p r o j e c t ,  
s t r u c t u r e ,  o b j e c t i v e s ,  e t c .  
Research  mee t ing  a t  IIASA d u r i n g  
IIASA Workshop on  Energy Demand. 
Major workshop w i t h  t h e  t h r e e  
c o u n t r i e s  p a r t i c i p a t i n g ,  i n c l u d i n g  
p o l i c y  makers .  
P u b l i c a t i o n  o f  workshop p r o c e e d i n g s ;  
e v a l u a t i o n  o f  F i r s t  Phase  o f  p r o j e c t ;  
t r a n s i t i o n  t o  Followup Phase .  
T a b l e  2 .  Proposed s t r u c t u r e  of a 
m u l t i n a t i o n a l  workshop.  
1 .  B a s i c  method o f  c r o s s  compar i son  
R e g i o n a l  g r o u p  
Region I I I11 
2 .  Energy s y s t e m  components c o n s i d e r e d  I 
R e g i o n a l  g r o u p  
A B C 
a )  E x t .  w o r l d :  x x x 
1 .  F i x e d ;  
2 .  D r i v e n  by wor ld  
model,  e t c ;  
3.  . 
b )  Energy demands: x 
1 . Aggrega ted ;  
2 .  By s e c t o r  and p r o c e s s e s  
( e . 9 .  a g r i c u l t u r e ,  h e a t i n g )  ; 
3 .  By f u e l ;  
4 .  Feedback f rom s u p p l y .  
c )  Supply:  X 
1 .  P r i m a r y  f u e l ;  
2 .  Secondary  ( e . 9 .  e l e c t r i c i t y )  ; 
3. . 
d )  Envi ronmenta l  impac t :  x 
1 .  E x t e r n a l  t o  r e g i o n ;  
2 .  I n t e r n a l ;  
3 .  Land u s e .  
e )  Socio-economic : 
1 .  P o p u l a t i o n ;  
2 .  J o b s / e n e r g y  i n d i c e s ;  
3.  Energy c o s t s ;  
4 .  . 
Table 2. Proposed structure of a 
multinational workshop (cont. ) . 
3. Standardized Data Base 
(Developed and distributed well before workshop 
Region 
I I1 I11 
a. Energy Demands; x x x 
b. Supply; x x x 
c. Socio-economic variables. x x x 
4. Possible basis for comparisons of models and policy 
analysis methodology 
a) Similarity or differences in short-and long-range 
projections; 
b) Effects of disaggregation levels; 
c) Effects of special components, e.g. feedbacks (price, 
environment) between supply and demand; 
d) Breadth and depth of policy alternatives accommodated. 
5. Types of Recommendations to be produced 
a) Data adequacy and needs; 
b) Disaggregation and feedback; 
C) Critically sensitive areas; 
d) Breadth of options analyzable; 
e) Implications of alternate policy objectives; 
f) Research priorities. 
6. Output of Workshop 
a) Proceedings of workshop including data bases, models, 
evaluations, policy tests, comparisons, recommenda- 
tions, etc.; 
b) Recommendations for further research, possible follow- 
up workshop extension to other countries; 
C) Global feasibility maps for applications of this 
approach to other regions, including developing 
countries. 
P a r t  11. Cur ren t  S t a t u s  of t h e  Comparative 
Regional  Energy/Environment Study 
The s tudy  a s  desc r ibed  i n  P a r t  I i s  proceeding  a long  t h e  
g e n e r a l  l i n e s  l a i d  o u t  i n  t h e  o r i g i n a l  p roposa l .  The primary 
o b j e c t i v e s  of t h e  p r o j e c t  a r e  t h e  fo l lowing:  
1 )  Desc r ip t i on  of r e g i o n a l  energy systems: demand, supply ,  
envi ronmenta l  systems,  e t c . ;  
2) Comparison of a l t e r n a t i v e  methodologies  f o r  r eg iona l  
f o r e c a s t i n g ,  p lanning  and p o l i c y  a n a l y s i s ;  
3 )  Development of new models,  methodologies  and concep t s ;  
4 )  Examination of a l t e r n a t i v e  energy p o l i c i e s  and s t r a t e -  
g i e s  f o r  each of t h e  r e g i o n s  w i t h i n  t h e  framework of 
t h e  above methodologies .  
The t h i r d  o b j e c t i v e ,  t h e  development of new methodologies  and 
concep t s ,  i s  r e c e i v i n g  s p e c i a l  a t t e n t i o n  because of t h e  oppor- 
t u n i t y  f o r  t e s t i n g  t h e s e  concep t s  a c r o s s  widely va ry ing  r eg ions .  
The components and methodologies  used i n  d e s c r i p t i v e  ana ly-  
sis and modell ing i n  t h e  p r o j e c t  a r e  shown below. 
1 .  Areas:  
- Regional  energy demand; 
- Embedding of energy supply  systems i n  a  r e g i o n a l  
environment;  
- Environmental impact of r e g i o n a l  energy systems;  
- Regional  embedding of s o l a r  energy sys tems;  
- Food-energy system i n t e r r e l a t i o n s h i p s .  
2 .  Methodologies:  
- Econometr ics  ( c o r r e l a t i o n )  ; 
- P h y s i c a l  models; 
- Simula t ion ;  
- Input -output ;  
- Behaviora l  models based on o p t i m i z a t i o n .  
These d e s c r i p t i v e  t echn iques  a r e  be ing  brought  t o g e t h e r  i n  a  
comprehensive wr i te -up  s o  a s  t o  provide  a  t y p e  of p rocedura l  
handbook f o r  gu idance  i n  f u t u r e  r e g i o n a l  energy/environmental  
s t u d i e s .  
Because of the broad range of methodologies, it has been 
necessary to develop participation by a number of different 
disciplines and projects within IIASA. The table below indicates, 
at least in part, some of the individuals involved in the re- 
search and their projects at IIASA. This structure of partici- 
pants is constantly evolving, and appears to mesh well with the 
dynamic nature of the population of scientists at IIASA. 
Table 3. 
Research Industrial 
Area Ecology Energy Methodology Systems 
Energy Demand Foell Charpentier Bigelow 
Holzl 














One of the early substantial tasks of the project is the 
development of an adequate data base across the three regions. 
Tables 4,  5 and 6 show interesting comparative figures on regional 
energy supply and demand as well as population and land use data. 
The data show diversity among the three regions; of particular 
interest is the very great difference in the major components 
of fuel supply for the respective regions. These different 
characteristics relate to the important policy questions in the 
area and to the types of modelling and planning techniques used. 
The center of gravity of the research effort lies in the 
areas of the evaluation of environmental consequences of regional 
energy use and of the development of adequate methodology for 
improved environmental management. Figure 7 shows a block dia- 
gram of an overall scheme for describing the process of environ- 
mental management. Each of the boxes in Figure 7 represents a 
Table 4. A comparison of regional energy use. 
[1972-73  Data] 
Annual Annual Energy Density of 
Energy Use Annual Energy 
Use Per Capita Use 
9  [ I  012  kcal/yr] [ l o 6  kcal/yr] [ l o  kcal/km 2  
GDR 718  4  2  6 .7  
Rh6ne-Alpes 151 
Wisconsin 323  
Table 5.  Comparison of total energy use by source, 1 9 7 2 .  
GDR RhGne-~lpes Wisconsin 
X X 96 
Coal 7 7 . 5  6 . 2  
(lignite) 
Natural Gas 1  . O  5 . 9  
Petroleum 2 1 . 4  5 4 . 2  
transport r7 .11  [ 1 3 . 5 ]  
non-transport [ 1 4 . 3 ]  [ 4 0 . 7 ]  
Hydropower 0 . 1  3 3 . 7  1 . 6  I 
Nuclear - - 2 .8  
1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  
Table 6 .  Comparison of population and land area. 
1 9 7 3  1 9 7 3  
Gross Land Population Population Density 
Area (km2) ( l o 6 )  p/km2 
GDR 1 0 8 , 1 7 8  1 7 . 0  157  
Rh8ne-~lpes 4 4 , 9 6 7  4 .8  107  
Wisconsin 1 4 5 , 3 2 0  4 . 6  3  1  
major  a r e a  o f  r e s e a r c h  a t t e n t i o n .  The envi ronmenta l  a t t r i b u t e s  
i n  box 2 a r e  g i v e n  by a  l a r g e  s i m u l a t i o n  model t h a t  was o r i g i n a l l y  
deve loped  a t  t h e  U n i v e r s i t y  o f  Wisconsin,  and is now be ing  modi- 
f i e d  t o  be a p p l i c a b l e  t o  t h e  o t h e r  two r e g i o n s .  IIASA s c i e n t i s t s  
a r e  implementing a  major  a d d i t i o n  t o  t h e  Wisconsin model t h a t  
w i l l  p r o v i d e  a  b a s i s  f o r  app ly ing  m u l t i - a t t r i b u t e  u t i l i t y  t h e o r y  
a n a l y s i s  t o  t h e  envi ronmenta l  management o f  t h e  r e g i o n a l  ene r gy  
sys tems;  it i s  t h i s  a c t i v i t y  t h a t  is denoted  by t h e  box i n  
F i g u r e  7 "Eva lua t i on  of  P r e f e r e n c e s " .  The g e n e r a l  p r o c e s s  f o r  
a p p l i c a t i o n  of  t h e  m u l t i - a t t r i b u t e  d e c i s i o n  a n a l y s i s  i s  shown i n  
F i g u r e  8 .  C u r r e n t l y  i n  p r o g r e s s  a r e  t h e  a s s e s s men t s  o f  env i r on -  
menta l  p r e f e r e n c e s  o f  a  broad r ange  of i n d i v i d u a l s  w i t h i n  t h e  
t h r e e  r e g i o n s  involved  i n  energy  p l ann ing .  The s u c c e s s f u l  imple- 
men t a t i on  of  t h i s  phase  of  t h e  r e s e a r c h  program w i l l  undoubted ly  
l e a d  t o  m o d i f i c a t i o n  of t h e  Wisconsin env i r onmen ta l  model a s  
i n d i c a t e d  by t h e  feedback  a r rows  i n  F i g u r e  8.  An i n d i c a t i o n  o f  
some of  t h e  t y p e s  of  s p e c i a l  c o n s i d e r a t i o n s  t h a t  may have t o  be  
b u i l t  i n t o  t h e  envi ronmenta l  model i n  o r d e r  t o  t a k e  i n t o  accoun t  
d i f f e r e n t  v a l u e  s t r u c t u r e s  o f  d e c i s i o n  and p o l i c y  makers i s  g i v e n  
below. I t  is b e l i e v e d ,  from e a r l y  i n d i c a t i o n s ,  t h a t  t h i s  re- 
s e a r c h  fo rma t ,  coupled  w i t h  a n  e f f e c t i v e  set  o f  d i s p l a y s  and 
communications of i n f o r m a t i o n  f o r  d e c i s i o n  makers ,  may p r o v i d e  
a n  e f f e c t i v e  t o o l  f o r  improved r e g i o n a l  energy /envi ronmenta l  
management. S t r u c t u r a l  c o n s i d e r a t i o n s  f o r  env i ronmenta l  impact  
a s s e s smen t  a r e  g iven  below. 
1 .  Bas i c  
a )  Number o f  impact  v a r i a b l e s  
b )  Boundar ies  o f  system 
- i n t e r n a l  and/or  e x t e r n a l  impac t s  
C )  Level  o f  d i s a g g r e g a t i o n  
- s p a c e  
- t i m e  
2 .  S p e c i a l  
a )  I n t e r g e n e r a t i o n a l  e f f e c t s  ( e . g . ,  t oday  v s .  
tomorrow) 
b)  S o c i e t a l  and i n d i v i d u a l  e f f e c t s  ( e - g . ,  o c c u p a t i o n a l  
v s .  p u b l i c )  
C )  P r e d i c t a b l e ,  on-going e f f e c t s  v s .  c a t a s t r o p h e s .  
The r e s e a r c h  i s  p o i n t i n g  toward a  major  workshop t o  b e  
h e l d  l a t e  i n  1 9 7 5  a t  which bo th  t h e  methodolog ies  and t h e  sets 
of  a l t e r n a t i v e  p o l i c i e s  w i l l  be  d i s c u s s e d .  
Existing project In Existing project in 
collaborating insti- collaborating institu- 
tution (University tion (Institut fur 
IIASA 
Projects under 
development in rating institution (Institut 
member countries Economique et Juridioue de 
1'Energie. Grenoble) 
F i g u r e  1 .  I n t e r i n s t i t u t i o n a l  r e l a t i o n s h i p s  
w i t h i n  t h e  I n t e g r a t e d  Energy 
Systems P r o j e c t .  
New Data 
systems 
( 1  1 ( 2 )  ( 3 )  (4) 
Commun~cation Definbtion Conformable Comparison 
with e x i s t i n g o f  the -energy d a t a  of models and- 
projects comparisons bases planning - 
framework 
Multinational Development of new models, Output: methodologies, and con- 
 rans sf erenc- workshop * - cepts for energy system 
Implementation management 
F i g u r e  2 .  S t a g e s  o f  t h e  I n t e g r a t e d  Energy 
Systems r e s e a r c h  program. 
FUEL TYPE 
N a t u r a l  Gas 
P e t r o l e u m  
S o l a r  Energy 
Wind Energy 
( E l e c t r i c i t y )  
Figure  3 .  D e s c r i p t i v e  s t r u c t u r e  of end-use 
energy demand. 
T o t a l  l i v e s t o c k  d i r e c t  
energy u s e  
D i r e c t  energy 
feed 
I n d i r e c t  energy 
D i r e c t  energy 
i n d i r e c t  energy u s e  
Figure  4 .  A g r i c u l t u r a l  s e c t o r .  
Supply  S e c t o r s  Demand S e c t o r s  
Supply  ( s u p p l y  p l a n t )  I n t e r m e d i a t e  Energy Form ( d e l i v e r y )  Demand (endogenous 
demand) 
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Figure 5. Schematic description of the format 
in the application of the IIASA 
Energy Supply Model [ 1 7 ] .  
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Wiscons in  Reg iona l  Energy Model [ 2 ]  . ) 
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Figure 8. Multiattribute decision analysis. 
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3  f 
Obergurg l  Case S t u d y  
C .  W a l t e r s ,  G .  M a r g r e i t e r ,  S.  Buckingham and  R.  H i l b o r n  
We i n i t i a t e d  work i n  1974 o n  O b e r g u r g l ,  a  s m a l l  a l p i n e  
a r e a  i n  A u s t r i a .  The s t u d y  was i n t e n d e d  o r i g i n a l l y  a s  a  s i m p l e  
t r a n s f e r  a c t i v i t y  t o  p r o v i d e  e d u c a t i o n  i n  m o d e l l i n g  t e c h n i q u e s  
and i n t e r d i s c i p l i n a r y  communicat ion f o r  a  Man-and-Biosphere 
(MAB) r e s e a r c h  team t h a t  had been  s t u d y i n g  t h e  a r e a  f o r  s e v e r -  
a l  y e a r s .  W e  h e l d  a  s m a l l  m o d e l l i n g  workshop where w e  h e l p e d  
a  team o f  MAB s c i e n t i s t s ,  v i l l a g e r s  f rom O b e r g u r g l ,  and r e g i o n a l  
government  o f f i c i a l s ,  t o  d e v e l o p  and implement a  s i m u l a t i o n  model 
o f  t h e  a r e a .  T h i s  model c o n s i d e r e d  e n v i r o n m e n t a l  c h a n g e s ,  popu- 
l a t i o n  g rowth ,  l a n d  u s e  f o r  t o u r i s m  and r e c r e a t i o n ,  and economlc 
deve lopment .  
These  i n i t i a l  m o d e l l i n g  a c t i v i t i e s  r e v e a l e d  t h a t  Obergurg l  
i s  a n  i n s t r u c t i v e  microcosm o f  deve lopment  p rob lems  f a c e d  a l l  
o v e r  t h e  wor ld .  A s  a  s m a l l  v a l l e y  s u r r o u n d e d  by m o u n t a i n s ,  
O b e r g u r g l  h a s  w e l l  d e f i n e d  and  e a s i l y  q u a n t i f i a b l e  r e s o u r c e  
l i m i t s  f o r  f u r t h e r  g rowth  ( l a n d ,  w a t e r ,  e n v i r o n m e n t a l  q u a l i t y ) .  
I t  h a s  a  r a p i d l y  growing p o p u l a t i o n  t h a t  i s  e s s e n t i a l l y  c l o s e d  
t o  i m m i g r a t i o n ;  t h i s  p o p u l a t i o n  e x e r t s  t i g h t  c o n t r o l  o v e r  l a n d  
o w n e r s h i p  ( t h u s  economic deve lopment  by e x t e r n a l  a g e n t s  i s  un- 
l i k e l y ) .  P o p u l a t i o n  growth combined w i t h  h i g h  demand f o r  
t o u r i s m  h a s  l e d  t o  r a p i d  growth i n  t h e  h o t e l  i n d u s t r y ,  and 
i n d u s t r i a l  g rowth  i t s e l f  h e l p s  p r o v i d e  j o b s  and t h u s  i n v e s t m e n t  
money f o r  f u r t h e r  g rowth .  B e f o r e  1950,  a g r i c u l t u r e  was t h e  
p r i m a r y  economic a c t i v i t y ,  and l a r g e  f a m i l y  s i z e s  were  t h e  r u l e  
a s  i n  most  a g r a r i a n  s o c i a l  s y s t e m s ;  h i g h  b i r t h r a t e s  w e r e  t r a n s -  
l a t e d  i n t o  h i g h  e m i g r a t i o n  r a t e s .  The h o t e l  i n d u s t r y  p r o v i d e d  
o p p o r t u n i t i e s  f o r  p o t e n t i a l  e m i g r a n t s  t o  s t a y  i n  t h e  a r e a ,  
and b i r t h  r a t e s  i n  t h e  hotel -owning p o p u l a t i o n  segment  dropped 
r a p i d l y .  T h i s  h a s  l e d  t o  a  "have-have n o t "  s p l i t ;  t h e  r e m a i n i n g  
a g r i c u l t u r a l  f a m i l i e s ,  w i t h  t h e i r  h i g h  b i r t h  r a t e s  and  r e l a t i v e  
p o v e r t y ,  a r e  f u e l i n g  p o p u l a t i o n  g rowth  w h i l e  demanding t h e i r  
own o p p o r t u n i t i e s  t o  e n t e r  t h e  h o t e l  i n d u s t r y .  Thus o v e r -  
deve lopment  o f  t h e  a r e a  f o r  t o u r i s m  seems a  v i r t u a l  c e r t a i n t y ,  
and t h e  a r e a  i s  head ing  toward  a n  economic m o n o c u l t u r e  t h a t  i s  
d a n g e r o u s l y  d e p e n d e n t  on t h e  f u t u r e  o f  European t o u r i s m .  
I n  s u b s e q u e n t  workshops w i t h  t h e  v i l l a g e r s  o f  O b e r g u r g l ,  
w e  have  used  a  s i m p l i f i e d  and w e l l - t e s t e d  v e r s i o n  o f  t h e  o r i g i n a l  
model a s  a  f o c u s  f o r  p u b l i c  d e b a t e .  By p r o v i d i n g  a  q u a n t i t a t i v e  
p i c t u r e  o f  emerging problems and t r e n d s  ( p o p u l a t i o n  and l a n d  u s e  
e s p e c i a l l y )  , t h e  model h a s  h e l p e d  t o  p r e v e n t  p u b l i c  d i s c u s s i o n  
f rom d e g e n e r a t i n g  i n t o  e s s e n t i a l l y  t r i v i a l  a r g u m e n t s  a b o u t  
t a c t i c a l  s i d e  i s s u e s  ( i . e .  whether  o r  n o t  t o  pay h i g h e r  p r i c e s  
f o r  a g r i c u l t u r a l  p r o d u c t s  - some v i l l a g e r s  had f e l t  t h a t  such  
a  s imp le  s t e p  would be adequa t e  t o  s o l v e  t h e  have-have n o t  
p rob l em) .  From t h e  d e b a t e s  s o  f a r ,  it is  c l e a r  t h a t  no r e a l l y  
p a l a t a b l e  o p t i o n s  remain open t o  t h e  Obe r gu r g l e r s ;  p o p u l a t i o n  
growth ha s  been a l lowed t o  proceed unchecked f o r  t o o  long .  
The remain ing  o p t i o n s  f a l l  i n t o  t h r e e  broad c l a s s e s :  
1 )  Defer  t h e  problem and  t h e  r i s k s  
S t i m u l a t e  r a p i d  development t o  move t h e  have-not  
f a m i l i e s  i n t o  t h e  h o t e l  i n d u s t r y .  T he i r  b i r t h r a t e s  
w i l l  t h e n  d e c l i n e ,  b u t  t h e  r e g i o n  w i l l  become a  
dange rous ly  overdeve loped  monocul ture .  
2 )  Accept  s h o r t  r un  h a r d s h i p s  
S top  t h e  h o t e l  development  and encourage  e m i g r a t i o n  of  
young peop l e .  The r i s k  h e r e  i s  t h a t  t h e  "have-nots"  
w i l l  s e i z e  p o l i t i c a l  c o n t r o l  and p e r m i t  overdevelopment  
anyway. They have no th ing  t o  l o s e  by do ing  s o  s i n c e  
t h e y  w i l l  s t i l l  c o n t r o l  l a r g e  a r e a s  of a g r i c u l t u r a l  l and  
t h a t  a r e  u n s u i t a b l e  ( ava l anches ,  e t c . )  f o r  b u i l d i n g .  
3 )  Seek a  new s o c i a l  o r d e r  
The p r e s e n t  h o t e l  owners have a  v a r i e t y  of o p t i o n s  
f o r  t r a n s f e r r i n g  wea l t h  t o  t h e  have-nots  i n  t h e  form 
of  a l t e r n a t i v e  economic o p p o r t u n i t i e s  ( j o b s  i n  h o t e l s ,  
l i g h t  i n d u s t r y ,  e t c . )  . But new economic~deve lopments  
s u f f i c i e n t l y  l a r g e  and a t t r a c t i v e  t o  hand l e  t h e  c u r r e n t  
"baby boom" w i l l  e n t a i l  h i g h  r i s k s  f o r  t h e  r e c r e a t i o n  
i n d u s t r y ,  s i n c e  such  developments  w i l l  i n v o l v e  p h y s i c a l  
s t r u c t u r e s  t h a t  a r e  s u r e  t o  a f f e c t  t h e  a e s t h e t i c  appea l  
o f  t h e  a r e a .  
The s t o r y  i s  f a m i l i a r ,  and indeed  we see t h e  same i s s u e s  
on t h e  g l o b a l  s c a l e .  W e  began t h e  Obergurg l  work a s  a n  
e x e r c i s e  i n  env i ronmenta l  mon i to r i ng ,  b u t  it soon became c l e a r  
t h a t  t h e  envi ronmenta l  problems a r e  n o t  go ing  t o  be  s o l v e d  
u n l e s s  a  series of  l a r g e r  i s s u e s  a r e  f i r s t  r e s o l v e d .  
S t u d i e s  of microcosms s uch  a s  Obergurg l  may w e l l  b e  a  
u s e f u l  s t e p  i n  t h e  development o f  g l o b a l  models ,  s i n c e  w e  may 
b e  a b l e  t o  more c l e a r l y  p i n p o i n t  w i t h  s m a l l  sys tems  t h o s e  i s s u e s  
t h a t  t h e  g l o b a l  models should  a d d r e s s .  T h i s  p r o p o s i t i o n  f o l l o w s  
from a  s imple  o b s e r v a t i o n :  a lmos t  any n a t u r a l  sys tem can  appear  
t o  b e  imposs ib ly  complex when w e  a r e  n o t  s u r e  what q u e s t i o n s  
t o  a s k  abou t  it. Those who a r gue  t h a t  g l o b a l  model l ing  i s  
premature  because  of problems w i t h  complex i ty  and d a t a  would 
do w e l l  t o  pause  f o r  a  moment and a s k  what t h e y  would want 
such  models t o  do. I f  t h e  main concerns  a r e  w i t h  problems of 
d e f e r r i n g  r i s k s ,  popu l a t i on  p r e s s u r e s  f o r  economic development ,  
and t h e  appearance  of  d e s p e r a t e  monocul tu res ,  some s imp le  model- 
l i n g  e f f o r t s  may be  of  c o n s i d e r a b l e  p o l i c y  v a l u e .  
3 .5 .  E c o l o g i c a l  Models o f  River  B a s i n  Water Q u a l i t y  
H .  S t e h f e s t  
1 .  D e s c r i w t i o n  of  t h e  Problem 
The a b i l i t y  o f  r i v e r s  t o  p u r i f y  t h e m s e l v e s  is  a n  i m p o r t a n t  
economic f a c t o r ;  a c c o r d i n g l y  t h e r e  have  been many a t t e m p t s  t o  
model m a t h e m a t i c a l l y  t h e  s e l f - p u r i f i c a t i o n  p r o c e s s .  S i n c e  it 
i s  a n  e x t r e m e l y  complex p r o c e s s ,  t h e s e  models v a r y  g r e a t l y  a s  
t o  d e g r e e  of  a g g r e g a t i o n .  A t  o n e  end of  t h e  r a n g e  t h e r e  is  t h e  
S t r e e t e r - P h e l p s  model [ 3 ]  t h a t  h a s  o n l y  two v a r i a b l e s :  o n e  f o r  
t h e  o r g a n i c  p o l l u t a n t s  (BOD) and one  f o r  t h e  oxygen c o n c e n t r a -  
t i o n  ( s e e  F i g u r e  1 ) .  A t  t h e  o t h e r  end of t h e  r a n g e ,  t h e r e  a r e  
models w i t h  many v a r i a b l e s  and i n t e r c o n n e c t i o n s  a s ,  f o r  example,  
t h e  model deve loped  f o r  t h e  Delaware River  [2] (see F i g u r e  1 ) .  
( I n  r e a l i t y ,  even t h i s  model h a s  t o  b e  c o n s i d e r e d  v e r y  r o u g h . )  
T h e r e  h a s  been much d i s c u s s i o n  a b o u t  how complex a  r i v e r  
q u a l i t y  model s h o u l d  be t h a t  is  t o  be used ,  f o r  example,  f o r  t h e  
o p t i m a l  a l l o c a t i o n  o f  w a s t e  w a t e r  t r e a t m e n t  e f f o r t  a l o n g  a  r i v e r .  
The S t r e e t e r - P h e l p s  model i s  e a s y  t o  d e a l  w i t h  b e c a u s e  it is  
l i n e a r ,  it c a n  b e  s o l v e d  a n a l y t i c a l l y ,  it h a s  o n l y  two param- 
eters t o  b e  e s t i m a t e d ,  e t c .  But ,  because  of t h e  m o d e l ' s  rough- 
n e s s ,  i n  g e n e r a l ,  it i s  n o t  p o s s i b l e  t o  make t h e  b e s t  u s e  o f  
t h e  s e l f - p u r i f i c a t i o n  a b i l i t y  o f  t h e  r i v e r .  On t h e  o t h e r  hand,  
a  model s u c h  a s  t h e  Delaware model may be a b l e  t o  p r e d i c t  more 
a c c u r a t e l y  f u t u r e  r i v e r  q u a l i t y ;  however,  i n  p r a c t i c e  it is i m -  
p o s s i b l e  t o  d e t e r m i n e  u n i q u e l y  t h e  many p a r a m e t e r s  o f  t h e  model 
o r  t o  u s e  t h e  model i n  a n  o p t i m i z a t i o n  c a l c u l a t i o n .  
The problem d i s c u s s e d  below i s  t h e  r e s o l u t i o n  o f  t h i s  
t r a d e - o f f  i n  a  q u a n t i t a t i v e  way. T h i s  i n v o l v e s  a  compar i son  of  
t h e  o p t i m a l  s o l u t i o n s  o f  t h e  above ment ioned a l l o c a t i o n  problem 
u s i n g  t h e  S t r e e t e r - P h e l p s  model ,  and a  more complex, b u t  manage- 
a b l e  model. For  t h e  l a t t e r , , a  model was chosen  t h a t  was d e v e l -  
oped f o r  t h e  Rhine River  [6] (see F i g u r e  1 ) .  T h i s  model h a s  
been i n v e s t i g a t e d  w e l l  w i t h  r e g a r d  t o  s e n s i t i v i t y ,  e q u i l i b r i a ,  
p o s s i b i l i t y  f o r  pa ramete r  e s t i m a t i o n ,  e t c .  A f t e r  a  comparison 
o f  t h e  models h a s  been made, o n e  c a n  d e t e r m i n e  i f  it i s  wor th  
w h i l e  t o  v a l i d a t e  and t o  u s e  a  w a t e r  q u a l i t y  model more complex 
t h a n  t h e  S t r e e t e r - P h e l p s  model.  The Rhine R i v e r  was s e l e c t e d  
a s  a n  example f o r  t h e  comparison.  F i g u r e s  2  and 3 show how 
measured d a t a  a r e  f i t t e d  by t h e  two models .  The f i t  w i t h  t h e  
e c o l o g i c a l  (Rhine R i v e r )  model i s  somewhat b e t t e r  t h a n  t h e  f i t  
w i t h  t h e  S t r e e t e r - P h e l p s  model,  a l t h o u g h  t h e  d i f f e r e n c e  i s  n o t  
v e r y  pronounced.  
2 .  Methodolog ica l  I s s u e s  
2 .1  Model I d e n t i f i c a t i o n  
I n  o r d e r  t o  e v a l u a t e  t h e  u s e f u l n e s s  of  t h e  e c o l o g i c a l  model,  
it was n e c e s s a r y  t o  check  i f  i t s  p a r a m e t e r s  c o u l d  b e  d e t e r m i n e d  
u n i q u e l y  from measurements t h a t  c o u l d  b e  o b t a i n e d  a t  r e a s o n a b l e  
e x p e n s e s .  The q u a s i - l i n e a r i z a t i o n  t e c h n i q u e  by Bellman was used  
w i t h  s u c c e s s ,  and t h e  model proved t o  b e  i d e n t i f i a b l e  under  
r e a s o n a b l e  assumpt ions  [ 6 ]  . 
2 . 2  S e n s i t i v i t y  A n a l y s i s  
It was n e c e s s a r y  t o  d e t e r m i n e  how t h e  model s o l u t i o n  c a n  
d e v i a t e  f rom t h e  nominal s o l u t i o n  i f  t h e  paramete r  and t h e  i n i -  
t i a l  v a l u e s  v a r y  o v e r  c e r t a i n  r a n g e s .  I n  t h i s  c o n n e c t i o n , - a  
more fundamenta l  problem o f  s e n s i t i v i t y  a n a l y s i s  was i d e n t i f i e d  
and s o l v e d .  
There  a r e  two f i r s t  o r d e r  e s t i m a t e s  f o r  t h e  maximum d e v i -  
a t i o n :  a )  one  s o l v e s  t h e  s e n s i t i v i t y  s y s t e m  ( d i f f e r e n t i a l  sen-  
s i t i v i t y ) ;  o r  b )  one  s o l v e s  t h e  model t w i c e  w i t h  d i f f e r e n t  param- 
eter ( o r  i n i t i a l )  v a l u e s  ( f i n i t e  s e n s i t i v i t y ) .  F i g u r e  4 i l l u -  
s t r a t e s  t h e  d i f f e r e n c e  between t h e  two e s t i m a t e s  f o r  two examples ,  
whereby t h e  t -dependency i s  d i s r e g a r d e d .  I n  b o t h  c a s e s ,  t h e  
d e v i a t i o n  f rom t h e  nominal  v a l u e  i s  g r e a t e r  t h a n  a  p r e s c r i b e d  
s t a n d a r d  i f  t h e  paramete r  v a r i e s  o v e r  a  f i x e d  r a n g e ;  t h i s  i s  
o b v i o u s l y  n o t  r e c o g n i z e d  w i t h  f i n i t e  s e n s i t i v i t y  i n  t h e  f i r s t  
c a s e ,  and w i t h  d i f f e r e n t i a l  s e n s i t i v i t y  i n  t h e  second c a s e .  
Thus t h e  q u e s t i o n  a r i s e s :  which e s t i m a t e  s h o u l d  b e  used i n  
o r d e r  t o  minimize l o s s e s  d u e  t o  d i s c r e p a n c i e s  between a c t u a l  
d e v i a t i o n  f rom t h e  nominal s o l u t i o n  and s e n s i t i v i t y ?  I t  h a s  
been  proved ,  under  v e r y  weak a s s u m p t i o n s ,  t h a t ,  i n  g e n e r a l ,  t h e  
f i n i t e  s e n s i t i v i t y  g i v e s  t h e  b e t t e r  e s t i m a t e  f o r  t h e  maximum 
d e v i a t i o n  1 7 1 .  
2 . 3  O p t i m i z a t i o n  
The aim o f  t h i s  e x e r c i s e  was t o  f i n d  t h e  o p t i m a l  k i n d  and 
e x t e n t  o f  w a s t e  w a t e r  t r e a t m e n t  i n  each  of  s i x t e e n  r e a c h e s  o f  
t h e  Rhine River  s o  a s  t o  m e e t  c e r t a i n  s t a n d a r d s  a t  minimum c o s t s .  
I n  b o t h  of  t h e  models ,  dynamic programming was used  whereby t h e  
d e c i s i o n  s t e p s  c o r r e s p o n d  t o  t h e  r e a c h e s  [ a ] .  The scheme chosen  
i s  shown i n  F i g u r e  5. S t a t e  and d e c i s i o n  v a r i a b l e s  were d i s -  
c r e t i z e d .  S t a r t i n g  f rom t h e  g i v e n  i n i t i a l  v a l u e s ,  a l l  p o s s i b l e  
p o l i c i e s  were t r a c e d  i n  t h e  fo rward  d i r e c t i o n ;  each  t i m e  two 
p o l i c i e s  l e d  t o  t h e  same s t a t e ,  t h e  more c o s t l y  one  was d i s c a r d e d .  
F i n a l l y ,  t h e  o p t i m a l  s o l u t i o n  was c o n s t r u c t e d  i n  t h e  backward 
d i r e c t i o n  s t a r t i n g  from t h a t  s t a t e  i n  t h e  l a s t  r e a c h  t h a t  had 
t h e  l o w e s t  accumula ted  c o s t  a t t a c h e d  t o  it. One drawback o f  t h i s  
scheme i s  t h a t  one h a s  t o  u s e  b o t h  t h e  s t a t e  t r a n s f o r m a t i o n  
f u n c t i o n  and i t s  i n v e r s e ,  which c a u s e s  c o m p u t a t i o n a l  t r o u b l e s .  
N e v e r t h e l e s s ,  it i s  b e l i e v e d  t h a t  t h i s  scheme i s  t h e  most e f f i -  
c i e n t  f o r  t h e  problem a t  hand.  The o p t i m i z a t i o n  had t o  b e  re- 
p e a t e d  u p  t o  t h r e e  t i m e s  w i t h  f i n e r  and f i n e r  g r i d s  f o r  t h e  s t a t e  
and d e c i s i o n  v a r i a b l e s .  
2.4 Model D i s c r i m i n a t i o n  
A f t e r  o b t a i n i n g  t h e  o p t i m a l  s o l u t i o n s  x l , x 2 ,  w i t h  a s s o c i a t e d  
c o s t s  c 1 , c 2  f o r  t h e  two models ,  t h e  q u e s t i o n  a r i s e s :  what c a n  
b e  i n f e r r e d  f rom t h a t  by a  d e c i s i o n  maker? H e  h a s ,  i n  t h e  s i m -  
p l e s t  c a s e ,  t h r e e  a l t e r n a t i v e s :  a )  r e a l i z e  s o l u t i o n  x l  ( A 1 ) ;  
b )  r e a l i z e  s o l u t i o n  x2 ( A 2 )  ; o r  c )  i n i t i a l l y  t a k e  more measure- 
ments  i n  o r d e r  t o  g e t  a  b e t t e r  v a l i d a t e d  model (A  ) ( s e e  F i g u r e  6 ) .  3  
I n  o r d e r  t o  choose  r a t i o n a l l y  among t h e s e  a l t e r n a t i v e s ,  he  h a s  
t o  e x p r e s s  h i s  c o n f i d e n c e  i n  t h e  models  by a s s e s s i n g  t h r e e  judge- 
m e n t a l  p r o b a b i l i t i e s  [4 ]  ( t h a t  add up t o  one)  f o r  t h e  f o l l o w i n g  
e v e n t s  : 
1  ) Model 1  i s  ( w i t h i n  c e r t a i n  l i m i t s )  t h e  " r i g h t  o n e  ( p l )  ; 
2)  Model 2  i s  t h e  " r i g h t "  one  ( p 2 ) ;  o r  
3 )  A model s u f f i c i e n t l y  d i f f e r e n t  from t h o s e  used f o r  t h e  
o p t i m i z a t i o n  i s  " t r u e "  ( p 3 )  . 
Assuming t h a t  t h e  sampl ing  i n  a l t e r n a t i v e  A3 e i t h e r  v e r i f i e s  
model 1  o r  model 2, o r  i d e n t i f i e s  t h e  y e t  unknown t r u e  model ( a t  
c o s t  c S ) ,  t h e  d e c i s i o n  maker c a n  e v a l u a t e  t h e  e x p e c t e d  c o s t  E ( c )  
f o r  e a c h  o f  t h e  a l t e r n a t i v e s  and choose  t h e  c h e a p e s t  one .  To 
d o  t h i s  h e  must  know t h e  c o s t s  f o r  changing  e a c h  o f  t h e  o p t i m a l  
s o l u t i o n s  i n t o  a  s o l u t i o n  t h a t  s a t i s f i e s  t h e  s t a n d a r d s ,  g i v e n  
t h a t  t h e  o t h e r  model i s  t r u e  ( A l 2  and A 2 1  i n  F i g u r e  6 ) .  These 
c o s t s  c a n  be e a s i l y  c a l c u l a t e d .  
3 .  Data 
The o p t i m i z a t i o n  was done f o r  e s t i m a t e d  w a s t e  w a t e r  pro-  
d u c t i o n  i n  1985. S t a n d a r d s  were imposed on oxygen c o n c e n t r a t i o n  
and on t h e  c o n c e n t r a t i o n  o f  non-degradab le  p o l l u t a n t s ;  oxygen 
c o n c e n t r a t i o n  s t a n d a r d s  g u a r a n t e e  minimum c o n d i t i o n s  f o r  a q u a t i c  
l i f e ,  w h i l e  non-degradable  p o l l u t a n t  s t a n d a r d s  l i m i t  t h e  t r o u b l e s  
t h a t  c a n  o c c u r  w i t h  d r i n k i n g  w a t e r  p r o d u c t i o n .  E s s e n t i a l  d a t a  
a r e  g i v e n  i n  F i g u r e  7 .  
4 .  R e s u l t s  
The d e m o n s t r a t i o n  o f  t h e  f e a s i b i l i t y  o f  dynamic programming 
f o r  t h e  e c o l o g i c a l  model may b e  looked upon a s  o n e  r e s u l t .  
The o p t i m a l  s o l u t i o n s  f o r  a  p a r t i c u l a r  p a i r  o f  s t a n d a r d s  
a r e  shown i n  F i g u r e  8 .  The d i f f e r e n c e s  a r e  n o t a b l e  though  n o t  
e x t r e m e l y  d r a m a t i c .  The e c o l o g i c a l  model s e e m s  t o  a l l o c a t e  more 
t r e a t m e n t  e f f o r t  t o  t h e  u p s t r e a m  p a r t  o f  t h e  r i v e r .  
The d i f f e r e n c e s  depend of  c o u r s e  on t h e  s t a n d a r d s ,  and numer- 
i c a l  expe r imen t s  w i t h  d i f f e r e n t  s t a n d a r d s  a r e  s t i l l  b e i n a  c a r r i e d  
o u t  [ a ] .  I f  t h e  oxygen s t a n d a r d  i s  r e l a x e d ,  o n l y  t h e  s t a n d a r d  
f o r  t h e  non-degradable  p o l l u t a n t s  i s  a c t i v e ,  and t h e r e f o r e  t h e  
o p t i m a l  s o l u t i o n s  become i d e n t i c a l .  I n  t h i s  c a s e ,  one  cou ld  
maximize t h e  i n t e g r a l  of t h e  oxygen c o n c e n t r a t i o n  w i t h  t h e  t o t a l  
c o s t  g i v e n .  T h i s  would r e q u i r e  o n l y  minor changes t o  t h e  program. 
The s o l u t i o n  f o r  t h e  model d i s c r i m i n a t i o n  problem d e s c r i b e d  
i n  S e c t i o n  2 . 4  has  n o t  y e t  been d e r i v e d  because  t h e  t r a n s i t i o n  
c o s t  has  n o t  y e t  been c a l c u l a t e d .  
5. Rela t ed  S t u d i e s  a t  IIASA 
5.1 Implementat ion of t h e  Optimal S o l u t i o n  ( H .  S t e h f e s t ,  
S. R i n a l d i  and R.  S o n c i n i )  
The problem i s  t o  implement t h e  o p t i m a l  s o l u t i o n  w i t h i n  a  
g i v e n  t i m e  p e r i o d  i n  such  a  way t h a t  r i v e r  q u a l i t y  improves a s  
f a s t  a s  p o s s i b l e  a t  g i v e n  c o s t  c o n s t r a i n t s  f o r  each  y e a r .  To 
f o r m u l a t e  t h e  problem p r e c i s e l y  one ha s  t o  d e f i n e  how q u a l i t y  
improvements a r e  measured and what t h e  c o s t  c o n s t r a i n t s  a r e .  
The index  P f o r  t h e  r i v e r  p o l l u t i o n  was d e f i n e d  a s  t h e  t o t a l  
oxygen d e f i c i t  i n  t h e  r i v e r .  Tha t  is: 
where 
k = t h e  y e a r ;  
A = t h e  r i v e r  c r o s s  s e c t i o n ;  and 
Dk = t h e  d e f i c i t .  
The c o s t  c o n s t r a i n t  f o r  y e a r  k was chosen  a s  fo l lows:  
k c t o t a l  
c .  < k--- , 
1 - N i = l  
where 
c  = t h e  c o s t  i n  y e a r  i; and i 
N = t h e  number o f  y e a r s  w i t h i n  which t h e  o p t i m a l  s o l u t i o n  
i s  t o  be implemented. 
I n  most p r a c t i c a l  c a s e s ,  t h e  p o l l u t i o n  i ndex  has  t h e  f o l l o w i n g  
a d d i t i v i t y  p rope r ty :  
where 
P  = t h e  p o l l u t i o n  index  a f t e r  t h e  i n s t a l l m e n t  of any m 
p l a n t s ;  
Po = t h e  i ndex  b e f o r e  t h a t  i n s t a l l m e n t ;  and 
qi  = t h e  independent  c o n t r i b u t i o n s  of  t h e  p l a n t s  t o  t h e  
q u a l i t y  improvement. 
T h i s  a d d i t i v e  p r o p e r t y  h o l d s  e x a c t l y  f o r  t h e  S t r e e t e r - P h e l p s  
model,  and approximate ly  f o r  t h e  e c o l o g i c a l  (Rhine R ive r )  model. 
The o p t i m i z a t i o n  problem c a n  be  s t a t e d  from two d i f f e r e n t  
p o i n t s  o f  view: 1 )  s e l e c t  each  y e a r ,  t h o s e  p l a n t s  which y i e l d  
t h e  g r e a t e s t  improvement; o r  2 )  minimize t h e  i n t e g r a l  of P  ove r  
t h e  whole implementa t ion  p e r i o d .  Assuming t h a t  t h e  a d d i t i v e  
p r o p e r t y  i s  f u l f i l l e d ,  t h e  myopic o p t i m i z a t i o n  l e a d s  t o  a  knap- 
s a c k  problem t h a t  ha s  been so lved  w i t h  a  branch-and-bound- 
a l g o r i t h m .  Using t h e  same assumpt ion ,  even t h e  o v e r a l l  op t im i -  
z a t i o n  problem h a s  been so lved  w i t h  a  branch-and-bound-algorithm 
[51 .  
5.2  > (J. Gros and A .  Ostrom) 
I n s t e a d  of minimizing c o s t s  s o  a s  t o  meet c e r t a i n  s t a n d a r d s ,  
one c o u l d  t a k e  i n t o  accoun t  e x p l i c i t l y  t h a t  wa t e r  q u a l i t y  and 
t r e a t m e n t  e x p e n d i t u r e s  a r e  c o n f l i c t i n g  o b j e c t i v e s .  T h i s  r e q u i r e s  
t h e  u s e  of mu l t i - d imens iona l  u t i l i t y  f u n c t i o n s .  Moreover,  one 
can  assume t h a t  t h e  t r e a t m e n t  p l a n t s  a r e  a l r e a d y  i n s t a l l e d ,  and 
o p t i m i z e  t h e  o p e r a t i o n  of  t h e  p l a n t s .  T h i s  problem was t r e a t e d  
w i t h i n  t h e  Water P r o j e c t ,  u s i n g  t h e  Rhine River  d a t a  ment ioned 
i n  S e c t i o n  3 and t h e  S t r e e t e r - P h e l p s  model. The r e s u l t  i s  a n  
o p e r a t i o n  r u l e  t h a t  g i v e s  t h e  deg r ee  of  t r e a t m e n t  a s  a  f u n c t i o n  
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Figure 4. Illustration of the difference between 
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- Number of control points (reaches) 16; 
-Number of states in each control point 
00.. .. .... 0 ,  
6 6 ; 
-Number of policies 6.25 loZ5; 
-Computing time for the complex model 
(IBM 370/155 = 30 min) . 
Figure 5. Characteristics of the dynamic programming 
scheme. 
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a) Decision tree with expected costs of the three 
alternatives. 
Dependence of the cost of all alternatives on the 
probability that Model 1 is "right" with fixed 
probability for either Model 1 or Model 2 being 
"right". 
Figure 6. Model discrimination. 
Waste Water P r o d u c t i o n  i n  1985: 
p r e s e n t  
e e a s i l y  d e s r a d a b l e  
s slowl; d e g r a d a b l e  
n  non d e g r a d a b l e  
Kinds o f  Trea tment :  
A mechanica l  & b i o l o g i c a l  
B  A & p r e c i p i t a t i o n  w i t h  Ca & a d s o r p t i o n  w i t h  
a c t i v a t e d  c a r b o n  
E f f i c i e n c i e s :  
Trea tment  C o s t s  (DM/kg COD p r o d u c e d ) :  
POP - 
d e n s i t y  h i g h  medium low 
S t a n d a r d s  : 
'2 > '2min N3 < N3max a t  mean f l o w  r a t e  and T = 2 0 ' ~  
F i g u r e  7 .  B a s i c  d a t a  f o r  o p t i m i z a t i o n .  
ECOLOGICAL MODEL 
STREETER- PHELPS MODEL 
c2 = 2.03 -109 DM/Y 
n ,  
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LOO 500 600 700 800 900 
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Figure 8. Comparison of optimal solutions 
based on two different water 
quality models. 
Standards: O 2  > 5.5 mg/e 
N3 < 9.0 mg/e 
References 
Gros, J., and Ostrom, A. "Application of Decision Analysis 
to Pollution Control: The Rhine River Study." IIASA- 
RM-75-45. Laxenburg, Austria, International Institute 
for Applied Systems Analysis, 1975. 
Kelly, R.A. "Conceptual Ecological Model of Delaware 
Estuary," to be published in Patten, B.C. (ed.). 
systems ~nal~sis-and Stimulation in Ecology, Vol. 111, 
New York and London, Academic Press, 1975. 
Kneese, A.V. and Bower, B.T. Managing-. 
Baltimore, Johns Hopkins Press, 1968. 
Raiffa, H. Decision Analysis. Reading (Massachusetts), 
Addison-Wesley Publishing Co., 1968. 
Rinaldi, S., Soncini, R. and Stehfest, H. "On the Optimal 
Sequencing in the Implementation of Waste Water Treat- 
ment Plants." Laxenburg, Austria, International 
Institute for Applied Systems Analysis (forthcoming). 
Stehfest, H. "Mathematical Modelling of Self-Purification 
of Rivers." IIASA-WP-75-43, Laxenburg, Austria, 
International Institute for Applied Systems Analysis, 
1975. 
Stehfest, H. "Decision Theoretical Remark on Sensitivity 
Analysis." IIASA-RR-75-3, Laxenburg, Austria, 
International Institute for Applied Systems Analysis, 
1975. 
Stehfest, H. "On the Monetary Value of Ecological River 
Quality Models." Laxenburg, Austria, International 
Institute for Applied Systems Analysis (forthcoming). 

3 . 6 .  Globa l  M o n i t o r i n g  
B.  Sazonov 
W e  a r e  l i v i n g  i n  a  t r a n s i t i o n a l  p e r i o d  where problems t h a t  
w e r e  i m p o r t a n t  i n  h i s t o r i c a l  t i m e s  a r e  now b e i n g  s o l v e d ,  and 
new problems b e g i n  t o  g a i n  i n  impor tance .  S h o r t a g e s  o f  energy  
have  a lways  been a n  i m p o r t a n t  c o n s t r a i n t  t o  t h e  development  o f  
n a t i o n s .  When man became m a s t e r  o f  t h e  energy  from r i v e r s ,  wind, 
c o a l  and o i l ,  he  made major  s t e p s  toward t h e  p r o g r e s s  of c i v i l -  
i z a t i o n .  
The s c i e n t i f i c  and t e c h n i c a l  r e v o l u t i o n ,  a s  most  s c i e n t i s t s  
b e l i e v e ,  w i l l  p r o v i d e  s o l u t i o n s  t o  t h e  energy  problem i n  t h e  
n e a r  f u t u r e .  Energy w i l l  h e l p  t o  i n c r e a s e  p r o d u c t i o n  of f e r t i -  
l i z e r s ,  t o  improve i r r i g a t i o n  and t h e  t r e a t m e n t  o f  t h e  s o i l ,  
and t o  p r e s e r v e  a g r i c u l t u r a l  p r o d u c t s .  A l l  of  t h e s e  w i l l  b r i n g  
a b o u t  improvements i n  food p r o d u c t i o n .  
The most i m p o r t a n t  new problem i s  t h a t  o f  t h e  env i ronment .  
The q u a l i t y  o f  t h e  env i ronment  i s  i n c r e a s i n g l y  becoming t h e  
major  c o n s t r a i n t  t o  development .  There  i s  no hope f o r  t h e  world 
e n v i r o n m e n t a l  s i t u a t i o n  t o  f u n d a m e n t a l l y  improve i n  t h e  n e a r  
f u t u r e ,  b e c a u s e  o f  c o n t i n u o u s  world p o p u l a t i o n  g rowth  and of a  
t endency  t o  m a n u f a c t u r e  p r o d u c t s  a s  economica l ly  a s  p o s s i b l e .  
The e n v i s a g e d  t e n - f o l d  i n c r e a s e  i n  t h e  w o r l d ' s  energy  p r o d u c t i o n  
c a n  c a u s e  i r r e v e r s i b l e  c l i m a t i c  changes .  I n  a d d i t i o n ,  an  i n c r e a s e  
i n  f e r t i l i z e r  and p e s t i c i d e  p r o d u c t i o n  c a n  c a u s e  d i s a s t e r s  t o  
t h e  b i o s p h e r e .  H a f e l e  h a s  a d v i s e d  t h a t  one  s h o u l d  t h e r e f o r e  
c o n s i d e r  t h e  hydro-atmo-eco- and s o c i o p h e r e  a s  a  f i n i t e  r e s o u r c e  
t h a t  w i l l  l i m i t  t h e  p r o d u c t i o n  of e n e r g y .  
F i g u r e  1 shows how t h e  r a t e  o f  energy  consumption h a s  s t imu-  
l a t e d  t h e  p r o d u c t i o n  of i r o n  o r e  and d i f f e r e n t  k i n d s  o f  f e r t i l i z -  
ers ( N , P , K - f e r t i l i z e r s )  i n  t h e  l a s t  c e n t u r y .  I n s p i t e  o f  wars  
and of  d i f f e r e n t  t y p e s  of world c r i s e s ,  t h e r e  h a s  been a  con- 
s t a n t  i n c r e a s e  i n  t h e  p r o d u c t i o n  of  e n e r g y ,  m e t a l s ,  and c h e m i c a l s .  
There  i s  l i t t l e  d o u b t  t h a t  t h e  amount o f  p o l l u t a n t s  i n c r e a s e d  
i n  t h e  same way. I t  i s  i n t e r e s t i n g  t o  n o t e  i n  F i g u r e  1 t h a t  t h e  
a v e r a g e  world d a t a  f o r  a  f i v e - y e a r  p e r i o d  a r e  r e p r e s e n t e d  by 
smooth c u r v e s .  
I n  t h e  f u t u r e ,  t h e  enormous p r o d u c t i v e  c a p a c i t y  o f  t h e  
i n d u s t r i a l  world  c o u l d  be p u t  t o  u s e  f o r  p roduc ing  p r o p e r  env i ron-  
m e n t a l  c o n d i t i o n s .  However, b e f o r e  t h i s  i s  done ,  t h e  p r o c e s s  
of d e g r a d a t i o n  o f  t h e  r e g i o n a l  and g l o b a l  e n v i r o n m e n t a l  c o n d i -  
t i o n s  should  b e  i n v e s t i g a t e d  t o  d e t e r m i n e  t h e  n a t u r e  of t h e  deg- 
r a d a t i o n  and t h e  s p e c i a l  a c t i o n s  t h a t  need t o  be t a k e n  t o  a v o i d  
d i s a s t e r s .  I t  i s  e x t r e m e l y  i m p o r t a n t  t o  r e c o g n i z e  what t y p e  o f  
n a t u r a l  p r o c e s s e s  a r e  b e i n g  e n d a n g e r e d ,  and how f a r  w e  a r e  from 
i r r e v e r s i b l e  changes  t o  g e o p h y s i c a l ,  geochemica l  and b i o l o g i c a l  
p r o c e s s e s .  
Through t h e  o b s e r v a t i o n  and i n v e s t i g a t i o n  o f  n a t u r a l  and 
man-made e v e n t s  i n  t h e  env i ronment ,  we c a n  f o r e s e e  t h e  t y p e  o f  
g l o b a l  and r e g i o n a l  e c o l o g i c a l  c r i s e s  t h a t  c a n  a r i s e ,  t h e  t i m e  
p e r i o d  i n v o l v e d ,  and t h e  c o s t  i n v o l v e d  i n  a v o i d i n g  c r i s e s .  
I n  t h i s  c o n n e c t i o n ,  t h e  q u e s t i o n  of a  p r o p e r  m o n i t o r i n g  
s y s t e m  s h a l l  b e  d i s c u s s e d .  Only a d e q u a t e  and comple te  informa-  
t i o n  c a n  h e l p  t o  i d e n t i f y  answers  t o  t h e  above-mentioned prob lems .  
To d e s i g n  a  r e l i a b l e  m o n i t o r i n g  s y s t e m ,  we need f i r s t  t o  d e t e r -  
mine t h e  f o l l o w i n g :  
1 )  What d a t a  should  be chosen  a s  t h e  most  i m p o r t a n t  f o r  
t h e  b i o s p h e r e  and f o r  t h e  p e o p l e ;  and 
2)  Where and when s u c h  i n f o r m a t i o n  s h o u l d  b e  c o l l e c t e d .  
I t  i s  e a s y  t o  see t h a t  m o n i t o r i n g  i s  a  much b r o a d e r  a c t i v i t y  
t h a n  t h a t  o f  t h e  c o n s t r u c t i o n  and d i s t r i b u t i o n  of  d e t e c t o r s  f o r  
t h e  p u r p o s e  of o b s e r v a t i o n s .  Envi ronmenta l  and m o n i t o r i n g  prob-  
l e m s  c a n n o t  b e  c o n s i d e r e d  o r d i n a r y  n a t u r a l  s c i e n c e  p rob lems ,  
b e c a u s e  t h e y  n o t  o n l y  d e s c r i b e  i m p o r t a n t  n a t u r a l  phenomena, b u t  
must  a l s o  i n c l u d e  man ' s  d e c i s i o n s  t h a t  c a n  s i g n i f i c a n t l y  change  
t h e  s i t u a t i o n .  
Man d i s t u r b s  a l l  n a t u r a l  g e o p h y s i c a l ,  geochemica l  and 
b i o l o g i c a l  p r o c e s s e s ,  and h a s  even i n t r o d u c e d  new p r o c e s s e s  w i t h  
which t h e  b i o s p h e r e  is  n o t  a c q u a i n t e d  ( e . g .  c i r c u l a t i o n  o f  heavy 
m e t a l s ,  p e s t i c i d e s ,  f e r t i l i z e r s ,  n u c l e a r  r a d i a t i o n ) .  Uncont ro l -  
l e d ,  man-made p r o c e s s e s  a r e  i n  some i n s t a n c e s  comparable  t o  
n a t u r a l  p r o c e s s e s  t h a t  a r e  s u p p o r t e d  main ly  by s o l a r  e n e r g y .  A 
compar i son  between n a t u r a l  and man-made t r a c e - g a s  c y c l e s  h a s  
been made u s i n g  d a t a  shown i n  T a b l e  1 .  C o n c e n t r a t i o n s  of some 
t race  g a s e s  c o n t r o l  a t m o s p h e r i c  long- range  r a d i a t i o n ,  and t h e  
r e s p o n s e s  t o  c l i m a t i c  changes  on t h e  impac t  on f e r t i l i t y  and 
h e a l t h  o f  t h e  b i o s p h e r e .  The t a s k  o f  t h e  m o n i t o r i n g  s y s t e m  i s  
n o t  o n l y  t o  f i n d  e x a c t  v a l u e s  o f  n a t u r a l  and man-made t r a c e  g a s e s  
i n  t h e  env i ronment ,  b u t  a l s o  t o  f o r e c a s t  consequences  t h a t  c a n  
b e  found i n  t h e  c l i m a t e  and t h e  b i o s p h e r e .  
A p r o p e r  and e l a b o r a t e  m o n i t o r i n g  s y s t e m  s h o u l d  p r o v i d e  
t h e  d e c i s i o n  maker w i t h  i n f o r m a t i o n  f o r  t h e  f o l l o w i n g :  
1 )  Des ign  of  a n  o p t i m a l  s t r a t e g y  u n d e r  e x i s t i n g  t e c h n o l o g y ;  
2 )  Development of a  new and d e s i r a b l e  t e c h n o l o g y  t o  r e d u c e  
p o l l u t a n t s  on a  r e g i o n a l  o r  g l o b a l  s c a l e ;  and 
3 )  Development o f  a  new t y p e  o f  o b s e r v a t i o n  needed t o  o u t -  
l i n e  t h e  p e c u l i a r i t i e s  o f  f u t u r e  e n v i r o n m e n t a l  s i t u a -  
t i o n s .  
F i g u r e  2 shows how t h e s e  a c t i v i t i e s  can  be p r a c t i c a l l y  
c a r r i e d  o u t .  The p r e s e n t  method i s  f o r  a  number o f  s c h o l a r s  
t o  meet t o  e l a b o r a t e ,  th rough  d i s c u s s i o n s ,  recommendations f o r  
t h e  s o l u t i o n  of  g l o b a l  o r  r e g i o n a l  env i r onmen ta l  problems.  I n  
r e c e n t  y e a r s ,  mathemat ica l  models have been p r epa r ed  f o r  t h i s  
pu rpose .  I t  should  be  emphasized t h a t ,  i n  most c a s e s ,  p r ope r  
ma t he ma t i ca l  models c anno t  be  p r epa r ed  w i th  t h e  d a t a  a v a i l a b l e .  
Systems of  o b s e r v a t i o n  s t a t i o n s  t o  c o l l e c t  m e t e o r o l o g i c a l ,  
h y d r o l o g i c a l ,  ep idemio log i ca l  and o t h e r  d a t a  were c r e a t e d  i n  
t h e  l a s t  c e n t u r y  f o r  t h e  purpose  of r educ ing  t h e  impact  of  un- 
wanted n a t u r a l  p r o c e s s e s  and e v e n t s  on man ' s  a c t i v i t y .  The 
mon i t o r i ng  sys tem w e  a r e  d i s c u s s i n g  should  s e r v e  t o  c o l l e c t  i n -  
f o rma t ion  about  t h e  i n f l u e n c e  of n a t u r a l  p r o c e s s e s  on man's  
a c t i v i t i e s  and v i c e  v e r s a .  Only a  model based on comple te  i n f o r -  
mat ion  c a n  be a  r e l i a b l e  i n s t r umen t  f o r  d e c i s i o n  making. 
Tab l e  1 .  Natu ra l  and man-made t r a c e - g a s  
c y c l e s  ( i n  m e t r i c  t o n s / y e a r )  . 
N a t u r a l  
Carbon C02 7 - 1 0  10 
Wa tcr H2 5 l o J 4  
Carbon CO - 10 10 
S u l f u r  S 1 . 4 2 . 1 0 ~  
N i t rogen  N 1 .4  10 9 
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The s u r v i v a l  of man w i l l  probably  be  one of t h e  most impor- 
t a n t  s c i e n t i f i c  problems i n  t h e  f u t u r e .  New approaches  a r e  
needed,  and d i f f e r e n t  models must b e  c o n s t r u c t e d  t o  c r e a t e  
s c i e n t i f i c  b a s e s  f o r  a c t i o n s  t h a t  c an  i n f l u e n c e  t h e  man-nature 
r e l a t i o n s h i p .  
I t  i s  p o s s i b l e  t o  deve l op  g e o p h y s i c a l ,  geochemica l ,  b io -  
l o g i c a l ,  economical  and even  e c o l o g i c a l  approaches  t o  t h i s  prob- 
lem and t o  c r e a t e  d i f f e r e n t  models.  W e  cons ide r ed  t h i s  problem 
from a n  e c o l o g i c a l  p o i n t  of view. Using a  p r e l i m i n a r y  and spec-  
u l a t i v e  model t h a t  depended on knowledge ga ined  from i n t e r d i s c i -  
p l i n a r y  r e s e a r c h ,  w e  de t e rmined  t h e  need f o r  f o u r  r e l a t e d  p a r t s  
( o r  submodels ) ,  a s  shown i n  F i g u r e  3. I n  c o n s t r u c t i n g  such  
models ,  w e  were f a c e d  w i t h  t h e  d i f f i c u l t i e s  of f o r m a l i z i n g  man- 
b iosphere-envi ronment  i n t e r a c t i o n s  and t e chnos phe r e  development .  
For  e nv i ronmen ta l  and m i n e r a l  r e s o u r c e  submodels ,  t h e  c o l l e c t i o n  
of d a t a  was made r e l a t i v e l y  ea s y .  
Our e x p e r i e n c e  b r i n g s  u s  t o  t h e  c o n c l u s i o n  t h a t  man-biosphere- 
env i ronment  r e l a t i o n s h i p s  a s  w e l l  a s  t e c h n o s p h e r e  development  
r e l a t e d  t o  t h e  p r o g r e s s  o f  s c i e n c e  and t e c h n o l o g y  a r e  t h e  most 
i m p o r t a n t  and y e t  t h e  weakes t  p a r t s  o f  g l o b a l  m o d e l l i n g .  E x i s t -  
i n g  economic g l o b a l  models  a l s o  d o  n o t  overcome t h e s e  d i f f i c u l -  
t i e s .  
The con temporary  wor ld  i s  and w i l l  c o n t i n u e  t o  be s u b s t a n -  
t i a l l y  shaped by t e c h n o l o g y .  Thus any  a t t e m p t  t o  l o o k  a t  what  
l i e s  ahead must  c o n s i d e r  new t e c h n o l o g i c a l  p o s s i b i l i t i e s .  P re -  
d i c t i o n  o f  f u t u r e  t e c h n o l o g y  f o r  t h e  p u r p o s e  o f  a p p r e c i a t i o n  o f  
e n v i r o n m e n t a l  c o n d i t i o n s  i s  p e r h a p s  t h e  most c r i t i c a l  component 
of  any model where e n v i r o n m e n t a l  v a r i a b l e s  p l a y  a  r o l e .  
There  have a lways  been crises c o n c e r n i n g  a v a i l a b l e  t e c h n o l -  
ogy.  When o n e  s p e c i e s  o f  a n i m a l  was e x t e r m i n a t e d  t h r o u g h  h u n t i n g  
by p r e h i s t o r i c  man, man changed h i s  t e c h n o l o g y  and used a n o t h e r  
a n i m a l  a s  food .  One t e c h n o l o g i c a l  crisis made man a  s h e p h a r d ,  
a n o t h e r  o n e  pushed him t o  p lough  t h e  s o i l .  
The more i n f o r m a t i o n  a v a i l a b l e  o n  e x p e c t e d  t e c h n o l o g i c a l  
changes  and man-biosphere-environment  i n t e r a c t i o n s  needed t o  
b u i l d  m a t h e m a t i c a l  models ,  t h e  b e t t e r  such  models w i l l  b e  a b l e  
t o  s e r v e  a s  i n s t r u m e n t s  f o r  t h e  c o n s t r u c t i o n  o f  a d e q u a t e  moni to r -  
i n g  sys tems  t h a t  w i l l  p r e v e n t  man from s e l f - d e s t r u c t i o n .  
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Figure 1 .  Estimated rates of global 
resource usage. 
- - - - - - - - - - - - - - - 




r l o n l t o r l n g  
c o n t r o l  s y s t e m  O ! ) t l n i z a t i o n  I 
F o r e c a s t  
Recommendation f o r  I Recommenda t ion  f o r  I 
deve:opment o f  I new c l e a n  t c c h n o l o q y  I 
o b s c r v a  t i o n s  I I 
R ~ c o m m e n d a t  i o n  
f o r  o p t i m a l  
s t r a t e q y  
F i g u r e  2 .  Conceptual  s t r u c t u r e  of world 
moni tor ing  system. 
F i g u r e  3 .  Model of t h e  e a r t h ' s  ecosphere .  
3 . 7 .  a n s  i n  Ecology 
D.E. B e l l  
Members o f  t h e  Methodology P r o j e c t  performed s t u d i e s  t o  
measure  o b j e c t i v e  f u n c t i o n s  f o r  t h e  t h r e e  c a s e  s t u d i e s  o f  bud- 
worm, sa lmon and r e g i o n a l  e n e r g y .  I n  e a c h  o f  t h e  c a s e s ,  o n e  o r  
more members o f  t h e  Ecology P r o j e c t  were  i n t e r v i e w e d  r e g a r d i n g  
t h e  s t a t i s t i c s  o f  t h e  problem t h a t  t h e y  f e l t  were  i m p o r t a n t  
" a t t r i b u t e s " .  
I t  i s  p r o b a b l e  t h a t  t h e  f u n d a m e n t a l  form of  t h e  u t i l i t y  
f u n c t i o n  d o e s  n o t  need t o  b e  s o p h i s t i c a t e d ;  b u t  t o  v e r i f y  t h i s ,  
t h e  budworm c a s e  s t u d y  was b e i n g  d o n e  i n  b o t h  t h e  s i m p l i f i e d  
and s o p h i s t i c a t e d  way. 
I n  t r y i n g  t o  r e f l e c t  t h e  d e c i s i o n  makers  p r e f e r e n c e s  i n  t h e  
budworm s t u d y ,  we found  t h a t  e x i s t i n g  p r o c e d u r e s  f o r  h a n d l i n g  
a s s e s s m e n t  f o r  t i m e  s t r e a m s  w e r e  i n s u f f i c i e n t ,  and t h a t  a  new 
approach  had t o  b e  made. The main d i f f i c u l t y  was t h a t  t h e  de-  
c i s i o n  makers  a t t i t u d e  toward r i s k  i n  o n e  p e r i o d  depended on 
outcomes i n  o t h e r  p e r i o d s ,  a  p o s s i b i l i t y  n o r m a l l y  assumed.  
A c o m p l i c a t i o n  i n  t h e  sa lmon s t u d y  was t h e  p r e s e n c e  o f  many 
d i f f e r e n t  i n t e r e s t  g r o u p s  ( d i f f e r e n t  c a t e g o r i e s  o f  f i s h e r m e n ,  
non-seagoing f i s h  i n d u s t r i e s ,  I n d i a n s ,  e t c . ) .  
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